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Summary

The rapid technological development and the expanding scope of human ac-
tivity in the present era has significantly increased the energy demand. This
huge demand for electrical power results in the need for improved insulation
systems with low dielectric losses and high dielectric strength. Other important
properties for electrical insulation materials include low permittivity, high ther-
mal conductivity and stability, and high mechanical strength and resistance to
chemical corrosion. Polymers have long been employed as electrical insulation
due to low costs, high thermal and chemical resistances, flexibility, and ease of
processing. More recently, the development of inorganic-organic hybrid nano-
compositematerials has attracted attention for application as dielectricmaterials
in high voltage electrical insulation. The inclusion of inorganic nanoparticles
as fillers has demonstrated potential in improving the dielectric, mechanical,
and thermal properties of the polymer. Complete realization of that poten-
tial requires a deeper understanding of the interfacial interactions between the
organic and inorganic components, and of the structure-property relations in
these hybrid materials. The state of dispersion of the nanoparticles is known
to be an important factor determining the properties of nanocomposites, thus
necessitating improved control over the preparation of thesematerials. The syn-
thesis of inorganic oxides directly in the polymer resin can unlock the challenges
faced with traditional ex-situ approaches in the preparation of nanocomposites.
Therefore, the use of in-situ synthesis routes was investigated in this work. The
effects of variations in the synthesis conditions on the resulting structure and
morphology of the nanoparticles, and on the properties of the nanocomposites,
were investigated. Nanocomposites containing three types of inorganic oxides,
SiO2, TiO2, and Al2O3, were prepared in this work. Pure epoxy was used as a
reference material for the various properties of the nanocomposites that were
investigated.

Silicon dioxide (SiO2) nanoparticles were synthesized in situ in an epoxy resin
(diglycidyl ether of bisphenol-A). Surface functionalization of the particles with
the silane coupling agent 3-(aminopropyl) triethoxysilane (APTES) resulted in
the formation of well-dispersed SiO2 clusters between 10 and 150 nm. Poorly
dispersed and agglomerated SiO2 formedwhen no coupling agent or 3-(glycidyl
oxypropyl) trimethoxysilane was used for surface functionalization. The state
of dispersion (cluster size, agglomeration, and free space length) was controlled
by altering the amount of APTES or the SiO2 content. Small-angle X-ray scatter-
ing (SAXS) demonstrated the formation of a hierarchical structure of the SiO2
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Summary

clusters, consisting of both mass and surface fractal features. The use of 5 wt%
SiO2 in the epoxy reduced the real relative permittivity at room temperature.
The dielectric losses (tan �) in the nanocomposites were decreased at frequen-
cies above 103 Hz, and increased at 1-100 Hz due to the emergence of a new
relaxation. The nanocomposites demonstrated improved thermal stability, and
the glass transition temperature exhibited an initial decrease followed by an
increase with increasing SiO2 content (up to 92 °C). Above the glass transition
temperature, the nanocomposites exhibited significant low frequencydispersion
and electrode polarization effects, possibly caused by the addition of ions and
by-products from the in-situ synthesis route. The epoxy-SiO2 nanocomposites
demonstrated improved resistance to electrical tree growth when the SiO2 was
synthesized with sufficient amount of APTES, as the growth speed decreased
by ~30 %. However, the tree initiation voltage decreased by ~20-60 % in the
nanocomposites, compared to pure epoxy. The tree channels became conduc-
tive over the duration of the tree growth, as revealed from partial discharge
measurements. The ultimate tensile strength of the nanocomposites decreased
with increasing SiO2 content. Thenanocomposites exhibited an increased tensile
elastic modulus, and larger plastic deformation and strain prior to failure.

Pre-synthesized SiO2 nanoparticles (0.5 wt%) were mixed with epoxy in an ex-
situpreparation route to compare the the dispersion of SiO2 and the properties of
the ex-situ nanocomposite with the in-situ nanocomposites. The SiO2 was poorly
dispersed, forming agglomerates from 200 nm to 2 µm. The dispersion was
improved slightly when the particles were functionalized with APTES, forming
250 nm - 500 nm sized agglomerates. The permittivity was decreased below,
and increased above, 104 Hz for the ex-situ nanocomposites. This change was
attributed to the differences in the morphology of the SiO2 particles compared
to those present in the in-situ nanocomposites.

To improve the understanding of the effects of particle morphology, molecular
dynamics (MD) simulations were performed using two different models for the
SiO2 in the nanocomposites. In the first model, the SiO2 was constructed as
uniformly dispersed particles with a defined size. In the secondmodel, the SiO2
was represented by molecular O-Si-O units dispersed randomly in the epoxy.
The calculated elastic moduli and glass transition temperatures corresponded
well with the experimental measurements. Both models exhibited the same
trends in the glass transition temperature with increasing SiO2 content. The
second model overestimated the thermal conductivity of the nanocomposites.
An amalgamation of both models is likely to be more representative for the
nanocomposite system.
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Titanium dioxide (TiO2) and aluminium oxide (Al2O3) nanoparticles were also
synthesized in situ in epoxy, using APTES for surface functionalization. The
TiO2 nanoparticles (10-50 nm) were discrete, possessed a defined shape, and
were dispersed. The presence of titanium oxo-alkoxy clusters, which precipitate
to form larger particles, was proposeddue to the discrepancy between the results
from SAXS and transmission electron microscopy (TEM). The epoxy-TiO2 nano-
composites exhibited increasing thermal stability with increasing TiO2 content,
and a higher glass transition temperature than pure epoxy (up to 105 °C). The
real relative permittivity decreased with increasing TiO2 content. However, at 5
wt% TiO2 the profile of the permittivity changed, similar to that observed in the
ex-situ epoxy-SiO2 nanocomposites. The new relaxation at 1-100 Hz was more
prominent, resulting in a higher tan � at below 103 Hz than pure epoxy and the
epoxy-SiO2 nanocomposites. The epoxy-TiO2 nanocomposites demonstrated a
significant increase in the resistance to electrical tree growth at both 10 and 15
kV. The tensile elastic modulus and ultimate tensile strength increased in the
epoxy-TiO2 nanocomposites with increasing TiO2 content. However, the strain
at failure decreased significantly before increasing slightly with increasing TiO2
content.

The inorganic structures formed in the epoxy-Al2O3 nanocomposites were most
probably not Al2O3, but a pseudo-Al2O3 structure resembling amorphous boeh-
mite (but are still referred to as Al2O3). The Al2O3 particles formed diffuse
clusters (~250 nm) that appeared close together. SAXS confirmed the formation
of surface fractal structures in these particle clusters. The epoxy-Al2O3 nano-
composites exhibited higher glass transition temperatures than pure epoxy. The
permittivity decreased with increasing Al2O3 content, and the profile of the
permittivity was unchanged. Unlike the other nanocomposites in this work, the
epoxy-Al2O3 nanocomposites exhibited aweak tan � peak for the new relaxation
emerging at low frequencies. The electrical treeing resistance was significantly
higher in the epoxy-Al2O3 than the epoxy-TiO2 nanocompositeswhen treeswere
grown at 10 kV. At 15 kV, however, the epoxy-Al2O3 nanocomposites exhibited
rapid tree growth, comparable to that of trees grown in pure epoxy at 15 kV. In
addition, the electrical trees in the epoxy-Al2O3 nanocomposites initiated at the
same voltage as in the pure epoxy.

The in-situ synthesis approachwas demonstrated to be successful in the prepara-
tion of epoxy nanocomposites for high voltage insulation. The results highlight
the importance of the inorganic oxide filler morphology, the filler composition,
and the degree of dispersion in determining the properties of the nanocompo-
sites. All three types of in-situ nanocomposites exhibited lower permittivities
and increased glass transition temperatures, compared to pure epoxy, when 5
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Summary

wt% of filler was used. The resistance to electrical tree growth was generally in-
creased, and was largest for the epoxy-TiO2 and epoxy-Al2O3 nanocomposites.
The epoxy-TiO2 nanocomposites showed the highest tensile strength and glass
transition temperatures. From the findings, structure-property relations were
proposed that can explain the changes observed in the properties of the nano-
composites. The in-situ synthesis method used is versatile, and the improved
understanding of the structure-property relations can be used to adjust the pro-
cedure as required to achieve the desired properties for different applications.
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1 Background

1.1 Motivation
Dielectrics are pervasive, especially in today’s technological societywhere every-
one is carrying, using, or is in some way connected to multiple electronic app-
liances. Every single piece of electrical equipment is reliant on the various
dielectrics present in its components, among which are electrical insulators.
Although the field of electrical insulation is considered as a "mature" science,
due to relatively few changes in the types of electrical insulation employed in-
dustrially in the last few decades, any gain in the properties can potentially
have a large impact, especially in the field of electric power transmission [1].
Until the late 1920s only natural materials were used in insulation systems,
typically composites based on fibers such as cellulose, silk, cotton, and wool,
or inorganic minerals such as mica, sand or quartz [2, 3]. With the advent of
alternating current (AC), electrical insulation for much higher voltages became
necessary. Dried paper impregnated with mineral oil was used for transform-
ers and underground cables, and is still used today in many places. Since
1925, alkyd and phenolic resins were introduced as the first synthetic insula-
tors, followed shortly by polyvinylchloride (PVC). More recently, cross-linked
polyethylene (XLPE), ethylene-propylene-rubber (EPR) and epoxy resins have
replaced many of the natural materials used as electrical insulation in different
applications [2]. Figure 1.1 shows some applications of epoxy resins as insula-
tion materials in e.g. transformers, printed circuit boards, rotating machines,
and electric aircraft, alongside other applications such as adhesives or coatings
and packaging materials.

As the demands on insulating materials increase further with the increasing
variety and functionality of various electrical apparatus (such as transformers,
switchgear, and motors), the necessity of new types of "functional materials"
becomes increasingly evident. The electrical properties are no longer the only
factor determining the performance of these materials as electrical insulation,
as thermal and mechanical properties may also play a role depending on the
specific applications. This has led to the development of "new" insulation sys-
tems that consist of polymers with additives, or composites of different types
of materials. Various inorganic fillers, with particles in the micron size range,
such as TiO2, SiO2, Al2O3, SiC, BN, and Si3N4 have been used to reinforce the
mechanical properties of plastics since the 1970s [2]. However, the fillers may
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Chapter 1 Background

Figure 1.1. Applications of epoxy in various equipment and components, such as
electrical insulation in power transformers, printed circuit boards, cables and rotating
machines, as structural materials in aeronautical parts and wind turbine blades, or as
packaging and encapsulation materials, coatings and adhesives.

deteriorate the electrical properties [1, 4, 5]. Further developments have led to
the application of nanocomposites, a class of hybrid organic-inorganic materials
consisting of inorganic nanoparticles dispersed in an organic polymermatrix, as
electrical insulation. These nanocomposites, often interchangeably referred to
as nanodielectrics in the literature, have occasionally displayed improvements
in the electrical, thermal and mechanical properties compared to conventional
polymer composites [6]. The dispersion and morphology of the nanoparticles
affect the interfacial regions between the organic and inorganic components,
and are suspected to play a critical role in determining the final properties of the
material. Therefore, the procedures used in the fabrication of the nanocompo-
sites, which can affect the dispersion and subsequently the properties, should
be considered carefully, and is often a significant challenge in the production of
well-dispersed nanocomposites [7]. Additionally, it is still not well understood
how these interfacial regions, and the interactions between the polymer chains
and the inorganic nanoparticles in these regions, alter the dielectric properties of
the base polymer [6]. Questions remain regarding the mechanisms for how the
complex permittivity is reduced in nanocomposites, despite the filler materials
often having far larger intrinsic permittivities, and regarding how far the dielec-
tric breakdown strength may be improved. An improved understanding of the
structure-property relations of these complex systems will allow one to poten-
tially tailor the properties as desired by manipulating the structure, content, or
dispersion of the organic and inorganic components.

While various polymer composite systems have been investigated for diverse
applications [8–13], epoxy resins and epoxy-based composite materials have
been of interest in the dielectrics and electrical insulation field due to their ver-
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1.2 Aim of the thesis

satility (e.g. good thermal and mechanical properties and resistance against
chemical corrosion, in addition to its excellent dielectric properties). The mo-
tivation of this work is therefore to first establish a robust fabrication process
for epoxy nanocomposites containing different types of inorganic oxide fillers,
with improvements in the dielectric, thermal and mechanical properties. While
the majority of electrical engineers have exclusively used pre-synthesized nano-
particles that were mechanically mixed into the epoxy, chemists have used an
alternative route for developing hybrid materials, namely synthesizing the in-
organic particles in situwithin the epoxy. This approach has not yet been used in
the preparation of epoxy nanocomposites for electrical insulation applications.
The dielectric properties of nanocomposites prepared in this way are therefore
yet to be investigated, which harbours the potential for further improvements in
these properties when combined with the new synthesis techniques.

1.2 Aim of the thesis
Theprimary objective of theworkwas to prepare epoxynanocomposites suitable
for use as high voltage insulation materials. This was achieved by preparing
nanocompositeswith a high quality of dispersion of the inorganic nanoparticles,
with strong interfacial interactions between theparticles and thepolymermatrix.

An in-situ synthesis route was employed for producing surface-functionalized
nanoparticles of SiO2, TiO2, and Al2O3 by using the sol-gel process [14], with
metal alkoxides as precursors and a silane coupling agent for the surface func-
tionalization. The structure and dispersion of the nanoparticles in the epoxy
was characterized, and changes in these with various parameters (e.g. choice of
coupling agent, pH of the reaction, and filler content) were investigated.

Selected thermal, mechanical, and dielectric properties of the prepared nano-
composites were investigated. The correlations between the structure and mor-
phology of the materials with these properties are discussed. The electrical
treeing resistances of the nanocomposites were measured and compared to that
of pure epoxy to assess their applicability as high voltage insulation.

In addition, a structural model for the epoxy and epoxy-SiO2 nanocomposite
system was built and used for molecular dynamics simulations. The calculated
thermal and mechanical properties of the epoxy and the nanocomposites were
then compared to the experimental results obtained, and the applicability of the
models was discussed.
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2 Introduction

2.1 Polymers
Polymers are macromolecules that consist of long chains of repeating subunits
ormonomers. Polymers can be homopolymers (with the samemonomer unit) or
heteropolymers (withmore than one type ofmonomer unit), and can be linear or
branched. The branching depends on the conditions during the polymerization
and the type of monomer(s) used. Due to the variations in the lengths of the
chains present in a polymer, an averagemolecular weight for the polymer chains
("=) is used to describe them.

Polymers can also be classified as thermoplastics or thermosets, depending on
the behaviour above the glass transition. The glass transition is a reversible
transition in amorphous or semi-crystalline materials from a hard and brittle
glassy phase to a viscous, rubbery state as the temperature is increased. This
transition, however, is not considered a phase transition, although it is similar
to second-order phase transitions [15]. Thermoplastics, such as polyethylene
(PE), polypropylene (PP), polyvinyl chloride (PVC), and polytetrafluoroethylene
(PTFE, commonly known as Teflon), have high molecular weight and retains
some amorphous characteristics in the glassy state. Above the glass transition
temperature ()6) the physical properties change without an associated phase
change, and the polymer becomes softer and more flexible, allowing them to be
reshaped. Thermosets on the other hand do not become soft and flexible above
the glass transition (although they do become more rubbery) and therefore
cannot be reshaped. This is due to the presence of covalent cross-links between
the chains that form when the polymer is hardened by curing. The cross-links
are irreversible and produce an insoluble polymer network that does not melt,
but decomposes when heated sufficiently. Commonly used thermosets include
epoxy resins, polyimides (PI), polyester, vulcanized rubber, and polyurethanes
(PU) [16]. Polyethylene can also be cross-linked to form a thermoset.

Polymers have been used for electrical insulation since 1908 when phenol-
formaldehyde resins were used in different electrical applications, but their
usage boomed significantly with the introduction of PVC, PE, PU and other
resins between the 1920s and 1940s [2]. These days cross-linked polyethylene
(XLPE) is primarily used for high voltage AC and DC cables. Low density PE
(LDPE) in general is a good option for power cables due to its excellent dielectric
properties and the possibility of extrusion. Epoxy resins and other thermosets
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Chapter 2 Introduction

are generally used as insulation in machines and dry transformers due to their
toughness and improved thermal resistances, making them more suitable for
hasher environments and higher service temperatures.

2.1.1 Epoxy resins
Epoxy is one of the most widely used thermosetting polymers, with a diverse
range of applications as adhesives, laminates, encapsulation, coatings, aerospace
components, and as electrical insulation in electronic devices and power trans-
mission equipment [8]. Epoxy resins consist of low-weight monomers or oligo-
mers (pre-polymers) containing epoxide structures as end groups. The struc-
tures of some of the most commonly used epoxy resins are shown in Figure 2.1.
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Figure 2.1. Selected examples of various types of epoxy monomers. (a) Diglycidyl
ether of bisphenol A (DGEBA). (b) Diglycidyl ether of bisphenol F (DGEBF). (c) 3’,3’-
epoxycyclohexylmethyl 3,4-epoxycyclohexanecarboxylate. (d) Glycidyl ethers of phe-
nolic novolac.

These resins are cured via the use of curing agents (or hardeners) that form cross-
links between the pre-polymer units, resulting in the formation of a thermoset
heteropolymer. The curing agents used are typically amines, acid anhydrides,
phenols, thiols, and alcohols [8]. Curing reactions are initiated either via a
nucleophilic addition or copolymerization reaction [13], or through cationic
polymerization with the aid of initiators that promote homopolymerization of
the epoxide groups [17]. A simplified curing reaction between an epoxy resin
and aprimary amine is shown in Figure 2.2. Theproperties of epoxy resins there-
fore can vary greatly depending on, among other factors, the type of monomer
and curing agent used, the lengths of the monomer chains, the degree of cross-
linking, and the conditions of the cure (temperature, photocuring, etc.) [13].
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Aromatic epoxy resins, such as the diglycidyl ethers of bisphenol A (DGEBA)
and F (DGEBF) (Figure 2.1a,b), are produced the most for industrial applica-
tions [8], as these can be prepared with large variations in molecular weight.
Cycloaliphatic epoxy resins (such as that shown in Figure 2.1c) are also attractive
in high-temperature applications due to excellent thermal stability [13]. Novolac
epoxy resins (Figure 2.1d) possess high cross-linking densities due to the numer-
ous epoxide groups present along the backbone (compared to the two present
for DGEBA and DGEBF), resulting in good thermal properties and increased
solvent resistance [13].

R1 NH2

O

R2

O

R2

R1 N

OH

R2

OH

R2

+

Figure 2.2. A cross link formed between two epoxy resinmonomers via an amine group
in the curing agent.

As a thermosetting polymer, epoxy resins cannot be shaped after curing. This
results in most epoxy resins, especially those that are highly cross-linked, being
brittle with poor resistance to crack initiation and growth in its glassy state
[13, 18]. The glass transition region is dependent on multiple factors, such
as the the presence of bulky side groups of the polymer chain, the types of
intermolecular forces and cross linking, or the molecular weight of the chains.
Additionally, epoxy systems that cure at higher temperatures have higher glass
transition temperatures [8].

DGEBA is among the most studied epoxy resins for applications as high voltage
insulation [6]. Cured DGEBA resins typically exhibit a real relative permittivity
(&A ’) of 3-5 at 50Hz and conductivities of 10−16-10−15 S cm−1 at room temperature.
The thermal conductivity varies between 0.1 and 0.5 W m−1 K−1 [6]. The glass
transition of DGEBA-based epoxy is within the temperature range between 40
and 150 °C [18–21], depending on the curing agent and temperature used. The
low permittivity, high thermal stability, and high glass transition temperature
make epoxy resins an attractive option for application as electrical insulation
materials.
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2.2 Hybrid materials and nanocomposites
Composite materials are multiphase and possess properties that may be unique
to the specific composite, resulting from the interactions between the various
phases in thematerial. Hybridmaterials are one type of compositematerial, and
consist of a combination of organic and inorganic components [22, 23]. Hybrid
materials are particularly interesting as organic and inorganic materials gener-
ally display opposing properties, and so the resulting composites can exhibit a
unique blend of these properties that may be tuned for specific applications and
requirements. The organic component allows the material to be easily shaped
or processed and keeps the material light, while the inorganic component can
provide mechanical, chemical and thermal stability in addition to new function-
alities that depend on the structure, size, crystallinity, etc. of the component [11].
The properties of hybridmaterials are, however, not only the sum of the individ-
ual contributions from each phase but also the interfaces between them, which
can result in synergistic effects from the coexistence of two phases. Due to the
importance of the interfaces, these materials are classified based on the different
types of interactions between the organic and inorganic phases, as shown in
Figure 2.3. Class I contains materials with weak physical bonds between the
organic and inorganic components (e.g. van der Waals bonds, hydrogen bonds,
dipole interactions), while Class II contains materials with strong covalent or
iono-covalent chemical bonds (e.g. alkoxy or organometallic bonds) [24].

Polymer chain

Inorganic particle

Chemical bond

Class I Hybrid Class II Hybrid

Figure 2.3. An illustration of the two classes of hybrid materials.
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When one of the components in a composite material is at the nanoscale, the
term nanocomposite is often used. In hybrid nanocomposites, it is usually the
inorganic component that is present in the nanoscale (either as nanoparticles,
nanorods, or nanotubes) and is dispersed as a filler material in an organic poly-
mer matrix. Nano-sized fillers, in contrast to micron-sized fillers, result in a
larger interfacial region that is available for interactions between the polymer
chains and the particles due to the larger surface area to volume ratio of smaller
particles. This means that it is possible to achieve properties similar to those
of a traditional composite (containing micron-sized filler particles) with a much
lower weight or volume fraction of particles. Additionally, while composites
were originally developed as structural materials with a focus on reinforcing
themechanical properties, the advent of nanotechnology has allowed nanocom-
posites to be employed as functional materials with novel optical, electronic,
magnetic and chemical properties [25]. Hybrid nanocomposites therefore have
potential in optical applications, biomaterials, protective coatings and encapsu-
lations, microelectronics, photovoltaics, flame-retardant materials, and fuel cell
membranes [11].

Although inorganic micron-sized particles are used to reinforce the mechanical
properties of epoxy-based composites, this often came at the cost of deteriora-
tions in the electrical properties [1,4,6,7]. The use of nanoparticles instead have
therefore attracted increasing attention in the electrical engineering community
in the past two decades, as the resulting nanocomposite materials can poten-
tially exhibit improved dielectric properties, in contrast to epoxy reinforcedwith
micron-sized particles (hereby referred to as microcomposites).

2.2.1 Nanomaterials
Nanomaterials are defined asmaterials that contain particles or structures (inter-
nal or surface)with at least one dimension in the nanoscale (1-100 nm) [26]. Most
nanomaterials can be classified into different categories [27], such as carbon-
based (e.g. fullerenes, carbon nanotubes and nanofibers, carbon black, and
graphene), inorganic (e.g. metals, metal oxides, clays, and ceramics), and or-
ganic (organic matter organized into structures such as micelles, liposomes,
dendrimers, etc.). Among these, metal oxides, ceramics, mineral clays, and car-
bon nanotubes have been investigated extensively in various polymer systems
for application in high voltage insulation systems [2].

The surface area to volume ratio of particles at the nanoscale increases drasti-
cally with decreasing size. As a result, the chemical and physical properties
of nanomaterials are determined by the properties of and the interactions at
the surfaces. Since the surfaces are so important, it is not only the size but
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also the shape (and aspect ratio) of the nanomaterials that can affect the prop-
erties. The shape becomes more significant the smaller the particles become.
Figure 2.4 displays examples of the various morphologies of nanomaterials that
can be produced, from spherical and cubic particles to rods and wires, or even
core-shell structures and tubes. Nanomaterials are well known for exhibiting
finite size effects on the cell parameters [28], structure [29], phase transition
temperatures [30], and band gaps and optical properties [31].

(a)

(b)

(c)

(d)

(e)

Figure 2.4. Nanomaterials with different morphologies: (a) cubic nanoparticles, and (b)
hollow nanotubes of SrGBa1−GNb2O6, reprinted with permission from [32]; (c) spherical
SiO2 nanoparticles, reprinted from [33] with permission from Elsevier; (d) elongated
rodlike nanoparticles of TiO2, reprinted with permission from [34], Copyright 2021
American Chemical Society; (e)MnO2 nanowires, reprinted with permission from [35],
Copyright 2021 American Chemical Society.

Nanomaterials are synthesized either in top-down or bottom-up processes. In
the former, micro- or macroscopic materials are successively cut and sliced
or etched down to obtain nano-sized particles. This is commonly performed
using techniques such as photolithography (with ultraviolet or X-ray radiation),
electron beam lithography (EBL), orwith a focused ion beam (FIB). In bottom-up
processes, the nano-sized particles are built up from smaller units such as atoms
and molecules. The process involves designing a synthesis route that allows the
building blocks to self-assemble as desired. Physical deposition techniques such
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2.2 Hybrid materials and nanocomposites

as pulsed laser deposition (PLD) or atomic layer deposition (ALD) may be used
to deposit atoms onto a substrate in a bottom-up process. An alternative would
be to use chemical solution methods, such as sol-gel, hydrothermal synthesis,
or spray pyrolysis, to synthesize the nanomaterials using reactions in chemical
solutions instead.

In the following subsections, a brief description of the inorganic oxide nano-
particles that are used in this work is given.

2.2.1.1 Silicon dioxide

Silicon dioxide, SiO2, also known as silica, can exist in a variety of crystalline and
amorphous phases. Many of these phases consist of O atoms in a tetrahedral
array around Si atoms, forming the orthosilicate anion. Silicate anions have the
general formula [SiO(4−2x)−

4−x ]n and 0 6 x < 2. Silica and other silicate materials
are found in nature as sand, or minerals such as quartz and montmorillonite.
Naturally occurring crystalline polymorphs of silica include, among others, -
or �-quartz and - or �-cristobalite [36]. Synthesized silica however tends to
form amorphous and nanostructured powders, primarily by two main routes -
either via high temperature flamepyrolysis to form fumed silica, or via hydrolysis
and condensation reactions in the sol-gel process to form colloidal silica [37].

Amorphous silica lacks the long-range order present in crystalline silica, and
the structures formed are dependent on kinetic and environmental factors due
to the flat energy landscape [37]. This can result in a wide variety of amor-
phous structures forming with differences in the siloxane framework, built up
from a network of silicate groups that can arrange themselves randomly or in
rings, ladders, cages, and other shapes. Figure 2.5 shows an orthosilicate an-
ion and possible arrangements of the anions in random or cage-like structures.
Amorphous silica can also form branched structures characterized by a mass
fractal dimension, or smooth colloidal particles that are non-fractal, or colloidal
agglomerates characterized by rough surface fractals.

2.2.1.2 Titanium dioxide

Titaniumdioxide, TiO2, or titania, is awide band gap semiconductor. Like silica,
it can also exist in several crystalline polymorphs or amorphous nanostructures,
although the crystalline forms of titania have attracted far more interest from
the scientific community for applications in pigments, cosmetics, sunscreen,
photocatalysis, photovoltaics, and optics [15]. Eleven crystalline polymorphs of
titania are known, of which rutile, anatase and brookite (Figure 2.6) are themost
common as they occur naturally. Rutile and anatase have tetragonal unit cells,
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Figure 2.5. (a) Structure of the orthosilicate (SiO 4–
4 ) ion. (b) A randomly organized

silica structure. (c) A cage-like silica structure. (d) Fumed silica with large, discrete
particles arranged in a mass fractal structure. (e) Fumed silica with smaller particles
organized in a surface fractal arrangement. The images in (d) and (e) were reprinted
from [38], with permission from Elsevier.

while brookite has an orthorhombic unit cell [39]. The thermodynamically stable
form in bulk titania is rutile at room temperatures, while anatase and brookite
are metastable with higher lattice energies due to the smaller Ti-Ti distances as
a result of the increased number of edges shared between the TiO6 octahedra
[39]. For titania nanoparticles however, anatase is observed more frequently.
Amorphous titania is metastable, and heat treatment is used to achieve the
transformation to a crystalline structure. The amorphous phase is described
generally by a partial loss of octahedral coordination, with a certain amount
of Ti ions with 5- or 7-fold coordination (instead of 6-fold) [40]. While there
is disorder in the long range atomic structure, which is typical for amorphous
materials, the local structure may be similar to anatase or rutile [41].

TiO2 nanoparticles are generally synthesized by chemical solutionmethods (e.g.
sol-gel or hydrothermal synthesis)with alkoxide or chlorideprecursors [44]. The
synthesis conditions and additives used can greatly influence the morphology
and crystal structure of the particles formed, although anatase is the preferred
structure in most cases for nano-sized particles [15].
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(a) (b) (c)

a b

c

O Ti

Figure 2.6. Theunit cell structures of (a) anatase, (b) rutile, and (c)brookite. Represented
using VESTA [42] with crystallographic data from [43].

2.2.1.3 Aluminium oxide and boehmite

Aluminium oxide, Al2O3, or alumina, is an electrically insulating ceramic with
a relatively high thermal conductivity (compared to SiO2 and TiO2) [45]. The
thermodynamically stable phase at room temperature is -Al2O3 (corundum),
with the crystal structure shown in Figure 2.7a. Alumina can be found in a
multitude of metastable crystalline phases (e.g. the cubic � and � phases, the
monoclinic � phase) [46]. Alumina is used in industry as absorbents, catalysts,
coatings, or abrasives, but has also been employed as a filler material for epoxy
resins to improve the thermal conductivity [1].

Aluminium oxide monohydroxide, also known as boehmite (�-AlO(OH)), can
be used as a precursor for various Al2O3 polymorphs [46]. Boehmite can also
be formed using chemical solution methods, such as sol-gel or hydrothermal
synthesis from aluminium alkoxide precursors. The structure of boehmite is
shown in Figure 2.7b. Upon heating boehmite to above 420 °C it transforms to �-
Al2O3. Further heating to 513, 1069 and 1183 °C results in phase transformations
to �-Al2O3, �-Al2O3 and -Al2O3, respectively [49, 50]. Boehmite nanoparticles
have been used to reinforce the mechanical properties of epoxy resins, such as
shear strength andmodulus, compressive strength, and fracture toughness [51].

2.2.2 The organic-inorganic interface in composite materials
Composite materials containing micron-sized filler particles are, compared to
nanocomposites, more easily understood. The properties of the composite can
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Figure 2.7. Crystal structures of (a) -Al2O3, and (b) boehmite. Represented using
VESTA [42] with crystallograhic data from [47] for Al2O3 and [48] for boehmite, respec-
tively. The sizes of the atoms are not representative of the actual atomic radii.

be predicted based on the properties of the individual components. For exam-
ple, the Lichteneker-Rother logarithmic law of mixing can be used to estimate
the permittivity of dielectric composites [5, 52]. With nanocomposites however,
the interfacial regions between the organic and inorganic components is signifi-
cantly larger, assuming that the nanoparticles are dispersed homogeneously in
thematrix. At the interfaces between thepolymer chains and the inorganic nano-
particles, the interactions between them in the form of chemical and physical
bonds will affect the mobility, conformations, and perhaps even the crystallinity
of the chains in the region [53]. Raetzke and Kindersberger [54] consider the
regions of polymer close to or around the interfaces as a third phase in the com-
posite due to the structure of the chains and the properties of the region being
different from both the bulk polymer and the inorganic filler. These regions
are therefore referred to as an interphase. The interphase can be considered to
be a layer between 1 and 10 nm surrounding the nanoparticles [55]. As seen
in Figure 2.8, for a given filler content in volume fraction, a reduction in filler
particle size results in a significantly larger volume fraction of this interphase.
Based on the graph in Figure 2.8b, with a filler content of only 20 vol%, particles
as small as 15 nm will result in the entirety of the polymer being comprised of
interphase volume. Hence, all of the polymer chains will have some interaction
with the dispersed particles.

Due to the significance of interfaces in nanocomposites, several models and
theories have been proposed to understand and explain the properties and
behaviour of nanodielectrics, some of which are shown in Figure 2.9. One
of the earliest models was proposed by Lewis in 1994 [56], which was based
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Particle

Interface

Micron-sized fillers Nano-sized fillers

(a) (b)

Figure 2.8. (a)An illustration of the increased area of the interfaces for nano-sized fillers
compared to micron-sized filler particles. (b) Interphase volume per total polymer
volume as a function of filler content (loading in volume fraction) for different filler
particle sizes. Adaptedwith permission from Springer Nature Customer Service Centre
GmbH: Springer Nature, Dielectric Polymer Nanocomposites by J. Keith Nelson, 2010.

on the established electrical double layer model that was used to visualize the
ionic environment around a charged surface. Afterwards, Tsagaropoulos and
Eisenberg [57] and Tanaka et al. [53] proposed variants of models describing a
layered or "multi-core" structure of the interface. Several other models, often
based on the aforementionedmodels, have been proposed to explain the various
effects observed from experiments, such as the water-shell model by Zou et
al. [58], the polymer chain alignment model by Andritsch et al. [59], or the
interphase volume model by Raetzke and Kindersberger [54]. More recently,
Alhabil et al. [60] proposed a particle interphase model, where the interphase
layer is extended to inside the particle in addition to the polymer.

2.2.2.1 The electrical double layer at the interfaces

In his model, Lewis defined the interface as the region in which the forces as-
sociated to a selected property are different from the bulk in each phase (where
the respective forces are constant) [56]. Additionally, the interface was charac-
terized based on the organization of the charges at and around the nanoparticle
surface. If the surface of the nanoparticle is charged, the surrounding polymer
will establish a screening counter charge.
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Figure 2.9. Schematic of the various models for the interfaces in polymer-inorganic
nanocomposites: (a)TheLewismodel for a positively chargednanoparticle, showing the
electrical double layer and the resulting electrical potential distribution (#) at distance r
from the surface. (b) The Tanakamulti-core model with three layers. (c) Thewater-shell
model, showing a layer of adsorbed water on the nanoparticle surface. (d) The polymer
chain alignment model, showing the aligned chains in the middle layer. (e) The particle
interphase model, showing the interphase regions in both the particle and the polymer
matrix. In each figure the inorganic nanoparticle is represented by the black circle.
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The screening charge may occur in two ways - either by polarization of the or-
ganic phase via electronic polarization and reorganization of permanent dipoles,
or by the migration of mobile ions in the organic phase to establish an electri-
cal double layer around the nanoparticle, as shown in Figure 2.9a. The double
layer consists of a counterion layer bound to the surface, forming the Stern
(Helmholtz) layer, and a thermally activated fluctuating distribution of counter-
and co-ions, forming the diffuse Gouy-Chapman layer. The Coulombic interac-
tion between the charges is expressed by a potential distribution function (#)
that simultaneously satisfies the Poisson and Boltzmann equations. The poten-
tial at the surface (#B) drops linearly to #> across the Stern layer. # then drops
exponentially in the diffuse layer with increasing distance (A) from the surface.
The Debye length (�−1) defines the extent of the exponential decay of the double
layer. The characteristics of the electrical double layer can therefore determine
the homogeneity of the distribution of inorganic nanoparticles in a polymer ma-
trix. Due to the incompatibility between organic and inorganicmaterials and the
large surface area of nanomaterials, there will be a large tendency for the nano-
particles to form agglomerates to reduce the surface area exposed to the organic
phase. This is facilitated by the attractive inter-particle van der Waals forces
but may be hindered by the screening double layer if the particles are charged.
This balancing of the attractive polarization and repulsive double layer forces,
which was described for colloidal systems by the Derjaguin, Landau, Verwey
and Overbeek (DLVO) theory [61], results in an energy minimum at a certain
distance between the charged particles. A large Debye length is preferred for
maintaining the separation of the charged nanoparticles.

It is important to also consider the steric effects from the polymer chains at the
interfaces. This depends on the strength of the bonds formed between the par-
ticle surface and the polymer chains, which may also improve the compatibility
between the materials and aid in the dispersion of the particles. The models by
Tsagaropoulos and Tanaka look further into the nature of the polymers at the
interface, in contrast to Lewis’ model which focuses on the electrostatics at the
particle surface.

2.2.2.2 Multi-layered interfaces

Tsagaropoulos and Eisenberg [57] proposed a multi-layered interface depend-
ing on the strength of the interactions between the particles and the polymer.
In the first layer of this interface, the polymer chains in the vicinity of the nano-
particles appear to be immobile in the temperature and frequency regimes, based
on the low spin-spin relaxation time from nuclear magnetic resonance (NMR)
measurements, and do not participate in the polymer’s glass transition [57].
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There is an additional layer beyond this immediate layer of immobilized chains
where the polymer chains have restrictedmobility, the so-called "loosely bound"
layer. These chains are capable of participating in a second glass transition (typ-
ically at higher temperatures) that is distinct from the regular glass transition
observed in the bulk polymer. This second transition becomes prominent when
the regions of restricted mobility overlap below a critical distance between the
filler particles. The model also postulates that the immobilized polymer chains
do not restrict the mobility of the chains in the loosely bound layer as efficiently
as the particles do. Additionally, the thermal history of the composite may af-
fect the transformation between loosely bound to tightly bound/immobilized
polymer, as the behaviour of the second glass transition changes with repeated
measurements [57].

Tanaka et al. [53] proposed a similar model containing an additional layer,
forming a multi-core structure around the nanoparticle. In this model, the
multi-core structure (shown in Figure 2.9b ) consists of a bonded layer, a bound
layer, and a loose layer. The bonded layer is defined generally as any polymer
that is chemically bonded to the particle surface, which does not always occur in
nanocomposites. A coupling agent or surface functionalization on the particle is
often required to facilitate a chemical bondwith the polymer chains. The second
layer is a region consisting of polymer chains that interact with the chains in
the first layer or the nanoparticle surface, and may be "bound" with restricted
mobility. The third layer consists of polymer chains with loose coupling and
interaction to the second layer, and with different chain conformations and
mobility. In addition to the chemical interactions, Tanaka’s model also includes
Coulombic interactions by superimposing a Gouy-Chapman diffuse layer over
the other three for charged nanoparticles, assuming there are mobile ions in the
polymer. The free volume, defined as the regions not occupied by the polymer
chains [62], is also an important parameter as the behaviour andproperties of the
polymer chains in the bulk polymerwill vary significantlywhen compared to the
chains in the different interfacial layers. A collaborative effect is also expected,
similar to Tsagaropoulos’ model, when the interfacial layers of neighbouring
nanoparticles overlap [53].

Other models that also describe the interface as layers share similarities with
the models proposed by Tsagaropoulos and Tanaka. One of these is the wa-
ter shell model [58], which assumes that water molecules are adsorbed around
the nanoparticles creating water layers. The first layer is formed by tightly
bound water molecules, while the second layer consists of water molecules held
loosely by van der Waals forces and is a conductive layer. As a result, when
a large amount of water is absorbed into the composite, percolative pathways
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are formed through overlapping water shells (Figure 2.9c). The model is used
to explain the degradation of the electrical properties of insulating epoxy nano-
composites in humid environments orwhen using nanoparticleswith no surface
modifications. In the case where the nanoparticle surfaces are functionalized,
Andritsch et al. [59] proposed the polymer chain alignment model. This model
states that with the correct functionalization, the polymer chains will be bonded
to the particle surface and form a rigid inner layer where the chains are aligned,
as shown in Figure 2.9d, resulting in increased crystallinity. An outer layer also
forms between this rigid layer and the bulk polymer, where the polymer chains
are affected (in contrast to the bulk polymer) but not aligned.

Raetzke and Kindersberger’s interphase model postulates that understanding
how the structure of the polymer chains in the interphase is different from the
bulk polymer may shed light on the different mechanical, thermal and electrical
properties. A more recent development of the interphase model was proposed
by Alhabil et al. [60], which stipulates that it is not only the polymeric regions
around the nanoparticles that are different from the rest of the polymer matrix.
The atoms in the particles that are at, or just under, the particle surface should
also be affected by the interactions with the polymer, and therefore are different
from the atoms in the bulk of the particle. Hence, the interphase region consists
of both polymer and particle interphases, although the particle interphase may
be significantly narrower than the polymer interphase. This is illustrated in
Figure 2.9e, which also highlights the sharp interface at the nanoparticle surface
between the two interphases.

2.2.2.3 Challenges in understanding the interface

The models described above share certain assumptions, such as the shape of
the particle (spherical) or the formation of layers in the interface, or that the
model is independent of the type of particle or polymer in the system. Lewis’
model can explain the electrical and electromechanical features of interfaces,
but disregards any chemical interactions between the polymer and the parti-
cles. Tsagaropoulos’ model on the other hand investigates just the chemical and
physical features instead, and can explain the occurrence of a secondglass transi-
tion in some nanocomposite systems, but does not explainwhy this second glass
transition is not always observed. Tanaka’s model is more universal, but still
has limitations in that it fails to explain contradictory results (e.g. why the glass
transition sometimes decreaseswith increasing filler content [4]). The aforemen-
tioned models can explain variations in the electrical and thermal properties of
nanocomposites in several cases, but there are many instances of contradictory
results by different researchers even with repeated measurements and similar
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preparation and characterization procedures [1,6,60]. This does not necessarily
mean that the models presented are wrong, but rather that their verification is
difficult, and that there is still much that is not understood about the interface
chemistry. Even small variations in each synthesis or preparation step may be
responsible for different effects on the properties of the material, as seen in the
review byAlcoutlabi andMcKenna [63]which investigated reports of changes in
the glass transition temperature. However, despite the limitations, these models
still represent a significant effort towards improving our understanding of the
interfaces in hybrid nanocomposites, andmay yet contribute to the development
of a universal model in the future.

2.3 Preparation of epoxy nanocomposites
Nanocomposites are generally preparedusing ex-situmethods that involve phys-
ically mixing pre-synthesized filler particles into the polymer (blending or in-
tercalation), or into a monomer that is subsequently polymerized [64]. This
approach is currently the most practical for large or industrial scale production.
The physical mixing is typically performed using mechanical mixers with high
shear rates, although ultrasonication and centrifugation (or both) have been em-
ployed. In the case of epoxy nanocomposites, the mixing must be done prior
to the addition of the curing agent. Afterwards the samples may be cast in
molds and cured. The presence of the nanoparticles, depending on the filler
content, may increase the viscosity of the epoxy resin [65], leading to difficulties
in casting. In many cases the nanoparticle surfaces are functionalized prior to
dispersal in the epoxy. The surfaces are modified using organic molecules to
improve the compatibility between the hydrophilic inorganic particles and the
hydrophobic organic resin, which may improve the dispersion. Figure 2.10a
shows the general steps in the ex-situ processes for nanocomposite production
with surface-functionalized nanoparticles.

The functionalization of the nanoparticle surfaces may be achieved using physi-
cal interactions (e.g. when surfactants or macromolecules are adsorbed on
the surface as ligands), resulting in the formation of Class I hybrids. Alterna-
tively, the functionalization may be achieved using chemical interactions (such
as when silane coupling agents are used), forming a bridge between the or-
ganic and inorganic components via chemical bonds, resulting in a Class II
hybrid [9]. Physical modifications, however, may be thermally and solvo-
lytically unstable due to the weak forces involved (e.g. hydrogen bonds or
van der Waals forces) compared to the chemical bonds formed during chemi-
cal modification. In the case of epoxy nanocomposites, silane coupling agents
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Figure 2.10. General schematic of the (a) ex-situ and (b) in-situ pathways used in the
preparation of epoxy nanocomposites.

(SCAs) are commonly used for functionalizing the surfaces of inorganic oxide
nanoparticles [66–68]. SCAs are organosilicon compounds with the general
formula Y(CH2)nSiZ3, where Y is a functional organic group (which can bond
to the polymer chains) and Z is a hydrolysable group (which can attach to
the surface of the particles). Commonly used SCAs include 3-(aminopropyl)
triethoxysilane (APTES), 3-(glycidyl oxypropyl) trimethoxysilane (GPTMS), 3-
(isocyanatopropyl) triethoxysilane (IPTES), among others [9]. Certain organic
molecules (e.g. self-assembled monolayers of organophosphates [69]) or poly-
mer brushes (e.g. thiocene or anthracenemolecules on apoly(glycidylmethacry-
late) backbone [70]) have also been employed as ligands that are grafted onto
the nanoparticle surfaces, and provide steric repulsion.

An alternate approach that has also been employed in the preparation of nano-
composites with well-dispersed fillers is to use a bottom-up in-situ method,
where the inorganic nanoparticles are synthesized and grown directly inside
the polymer (or monomer). Several different synthesis techniques can be used
in this approach, including (but not limited to) the sol-gel method [71, 72], re-
verse microemulsion [73], hydrothermal or solvothermal synthesis [74], or other
non-aqueous reaction pathways [75]. The surface modification may be per-
formed simultaneously with or after the particle synthesis. Figure 2.10b shows
an in-situ process for the production of nanocomposites (in this case the sol-
gel method), with the epoxy being functionalized first prior to synthesis of the
particles from the precursor. The main advantage of using these in-situ meth-
ods is that it allows greater control over the structure of the nanocomposite,
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enabling the possibility to then tailor specific properties. As the particle gen-
eration, surface modification, and incorporation in the polymer is integrated
into a single process, the organic groups on the monomer or polymer chains
can have a passivating effect on the particles to limit the agglomeration and
control their growth [76]. The disadvantage of the in-situ synthesis procedure
for preparation of nanocomposites is the possible presence of by-products or
unreacted material, which may have a detrimental influence on the properties
of the final nanocomposite. Additionally, such procedures are not necessarily
suitable for upscaling to industrial production.

2.3.1 The sol-gel method
The sol-gel method is an extensively used process in the preparation of in-
organic materials, typically ceramic oxides and glasses, but is also one of the
most common processes used for preparing hybrid materials in situ at low tem-
peratures [24,77–79]. The method consists of two fundamental reactions: first, a
molecular precursor, usually a metal alkoxide, is hydrolysed; in the second step,
polycondensation reactions occur between the hydrolysed molecules [80]. As
the polycondensation reactions proceed, the "sol" of inorganic nanoparticles in
a colloidal solution is converted into a viscous gel, consisting of a continuous in-
organic network containing the solvent. Drying of the gel will result in removal
of the liquid phase, and a subsequent thermal treatment (e.g. calcination or
firing) may be used to obtain the synthesized nanoparticles. Figure 2.11 shows
the outline of the hydrolysis and condensation reactions.

These reactions can be summarized in total as:

M(OR)n + <XOH→
[
M(OR)n−m(OX)m

]
+ <ROH (2.1)

where M is a metal, R is an alkyl group, and X is H during hydrolysis and M
during condensation [81]. Figure 2.11 shows both an oxolation condensation
reaction, where two metal hydroxyl (M-OH) groups react to form an M-O-M
bond with water as a leaving group, and an alkoxolation condensation reaction,
where ahydroxyl group reactswith analkoxo (M-OR)group,with the alcohol (R-
OH) as a leaving group. Successive condensation reactions between hydrolysed
molecules will form longerM-O-M chains that eventually build up the inorganic
oxide network.

One of the most attractive features of the sol-gel method is the ability to control
the size, structure, and morphology of the materials formed by controlling the
rate and progression of the hydrolysis and condensation reactions. For example,
the choice of metal alkoxide precursor can affect the hydrolysis rate. Hydrolysis

22



2.3 Preparation of epoxy nanocomposites

RO

M
RO

RO

OR RO

M
RO

RO

OH

- ROH

+H2O

RO

M
RO

HO

OH OR

OH

OH

M

OH

+
RO

M
RO

HO

O

M
OR

OH
OH

HO

M
RO

RO

OH OH

OR

OH

RO

M+
HO

M
RO

RO

O

M
OH

OR
OH

- ROH

- H2O

M

RO O

HO

O

M

M

OR

OR

O M

O

O

HO

O

OH

O
M

M

O

M

HO

HO

O

O

RO

OH

M

O
OH

OH

M

HO
OR

Extended hydrolysis
and condensation

(i)

(ii)OR

Figure 2.11. Simplified representation of the (i) hydrolysis and (ii) condensation (both
oxolation and alkoxolation) reactions occurring in a metal (IV) alkoxide (M(OR)4), and
the formation of an amorphous network of M-O-M bonds.

is faster for metal cations with high electrophilicity and high degree of unsat-
uration (N-Z, where N is the coordination number and Z is the oxidation state
of the metal cation) [24]. As a result, transition metal alkoxides are typically
very reactive, as N-Z > 0, and hydrolyse easily in the presence of moisture.
Silicon alkoxides, however, are more stable due to the lower electrophilicity of
Si [24], and may require a catalyst to increase the hydrolysis rate [22, 82]. The
length and branching of the alkoxide chains will also affect the hydrolysis, as
these chains provide steric hindrance that reduces the reactivity of the metal
alkoxide. The choice of solvent is another important parameter, not only for the
control of the reaction rates, but also to control polymer solubility or preventing
phase separationswhen the sol-gel process is used for synthesizing nanocompo-
sites [80]. The pH of the solution will affect the reaction rates. Acidic conditions
will protonate the alkoxide groups, thereby enhancing the reaction kinetics by
producing good leaving groups [14], catalysing the hydrolysis. Condensation
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in acidic conditions will result in extended, less branched and more polymer-
like networks as the condensation will occur preferentially on the ends of the
chains due to the greater ease of protonation on metal cations with more alkoxy
groups [14]. Conversely, basic conditions will catalyse the condensation reac-
tions, as it encourages the deprotonation of hydroxyl groups. This reaction
occurs preferentially on themiddle of the chains, resulting in a highly branched,
more compact structure. The development in structure with pH for aqueous
silica prepared from alkoxides is shown in Figure 2.12.

Figure 2.12. Differences in the polymerization behaviour andfinal structure in silica pre-
pared from silicon alkoxide precursors in basic and acidic solutions, with and without
flocculating salts, respectively. Reprinted from [14], with permission from Elsevier.

The sol-gel process may also be non-hydrolytic (or non-aqueous). This process
can be solvent-free sincewater is not required for hydrolysis. Anon-aqueous sol-
gel route requires an oxygen donor (e.g. alkoxide, ether, alcohol, carboxylate) to
react with the metal precursor under non-aqueous conditions [83] with a ligand
exchange mechanism catalysed by Lewis acids [84]. This route can be useful
where the aqueous route may be suboptimal or discouraged, and is also easier
to control as the reactions proceed more slowly [84].

2.3.2 Synthesis of inorganic oxides in situ in epoxy
The sol-gel method has been employed extensively in the synthesis of inorganic
fillers, particularly SiO2, in polymer nanocomposites [9]. In the case of epoxy, the
majority of literature report the use of either a one-step or a two-step hydrolytic
sol-gel process. In the one-step process, the reactants are combined and allowed
to react simultaneously prior to casting and curing [71,85]. The two-step process
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has several variants: in a ’simultaneous’ procedure, the alkoxide precursor is pre-
hydrolysed in the first step, followed by mixing with the epoxy resin and curing
agent in the second step where the polymerization of the epoxy monomers and
the formation of the inorganic network occurs simultaneously [71, 85]. In a
’sequential’ procedure, the epoxy is cured first, followed by swelling with the in-
organic precursors in the second step [86, 87]. In a ’chronological’ procedure, the
epoxy is first functionalized using a surface modifier (typically SCAs), followed
by addition of the precursors and other reactants [88, 89]. The non-hydrolytic
sol-gel process has also been used in the preparation of in-situ nanocomposites,
with boron trifluoride monoethylamine (BF3MEA) [21, 90, 91] or benzyl alcohol
(BzOH) [92] as the catalysts. TiO2 can also be synthesized in situ in epoxy using
similar one-step or two-step hydrolytic processes [20,93,94], or a non-hydrolytic
process with formation of titania nanoparticles in a sol first, which is subse-
quently mixed with the epoxy [92]. Table 2.1 summarizes various procedures
using both aqueous and non-aqueous sol-gel in the preparation of epoxy-SiO2
and epoxy-TiO2 nanocomposites, and shows the variety of morphologies and
structures that can be obtained with different precursors, procedures, catalysts
and surface modifiers.

In the synthesis of SiO2, tetraethyl orthosilicate (TEOS) is the most common
alkoxide precursor. However, SCAs such as GPTMS have also been used as the
precursor, and not only as surface functionalizing agents, due to their compat-
ibility with epoxy. In earlier works, ?-toluenesulfonic acid monohydrate (TSA)
was used as a catalyst for the hydrolysis of TEOS [71, 85–87]. In the absence of
an acidic catalyst, the use of an amine curing agent (e.g. polypropylene glycol
diamine) may have a catalytic effect as the amine groups can serve as an ef-
fective nucleophile [71]. Other studies have used dibutyltindilaurate (DBTDL)
or inorganic acids (e.g. HCl) as catalysts [18, 88], despite some indications that
DBTDL is less effective than TSA at hydrolyzing TEOS, which would result in
more compact SiO2 structures [86]. The effects of a catalyst for the hydrolysis
is quite evident in the resulting morphology of the SiO2. Matejka et al. [71]
demonstrated this in a one-step synthesis with no catalyst, where the SiO2
formed 100-300 nm compact agglomerates with high fractal dimension (�< =
2.7), and in a two-step simultaneous procedure with TSA which resulted in
more 50-100 nm open structures with a lower fractal dimension (�< = 1.7). For
epoxy-TiO2 nanocomposites, various titanium alkoxides have been used, such
as titanium (IV) isopropoxide (TIP), titanium (IV) butoxide (TBO), or tetraethyl
orthotitanate (TEOT) [9]. Non-aqueous routes for TiO2 can use TiCl4 as a pre-
cursor [92]. The choice of catalyst does not appear to affect the morphology of
the in-situ prepared TiO2, where the formation of more defined particles is more
common than branched and diffuse clusters.
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Surface functionalization has been used to control the size and dispersion of the
inorganic oxide particles. Generally, improvements in the state of dispersion
of the nanoparticles have been reported when surface modifiers are used. Jiao
et al. [95] and Nazir et al. [89] both observed a less distinct phase boundary
between the epoxy and the SiO2 when APTES was incorporated, indicating an
improved mixing and interfacial interaction between the components. Wu and
Hsu [20] also demonstrated phase separation in epoxy-SiO2 nanocomposites
without GPTMS. Apart from conventional SCAs, ionic liquids have also been
employed in the synthesis procedure. These can act as molecular templates
(resulting in different matrix-filler interface characteristics [96]), as catalysts,
or as an alternative to volatile solvents, and can improve the dispersion and
reducing the size of the agglomerates [91, 97, 98].

From Table 2.1, the variations in the morphologies of the synthesized nano-
particles observed with small differences in the synthesis procedures highlights
the versatility of the sol-gel process and the tools it provides to tailor the in-
organic oxide particles formed. However, it should also be noted that the in-
organic precursors, catalysts, and coupling agents (or other surface modifiers)
are only one part of the hybrid system. The final morphology and organization
of the in situ synthesized particles will also be affected by the organic compo-
nents, which are not necessarily accounted for in Table 2.1. The length and
types of the epoxy monomers, as well as the curing agents that are used, will
also determine the kinetics of the sol-gel processes. For example, the use of an
amine-based curing agent can result in basic conditions even in the presence
of an acidic catalyst (if the curing agent is in excess), thereby resulting in the
formation of larger colloidal particles, as evidenced in the works of Matejka et
al. [71]. In their work, a one-step procedure (with all of the precursors mixed
together) resulted in large agglomerates forming, whereas a two-step procedure
with pre-hydrolysis of the TEOS prior to mixing with the epoxy and the curing
agent resulted in smaller SiO2 structures.
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2.4 Dielectric materials
A dielectric material is an electrical insulator that is polarized in an applied
electric field. The polarizability of the material is often represented by its rel-
ative permittivity (or dielectric constant), &A , which is a ratio of the absolute
permittivity (&) of the material to the vacuum permittivity (&0). There are four
mechanisms of polarization in a dielectric material, shown in Figure 2.13. Elec-
tronic polarization is caused by the displacement of electrons within the atoms,
resulting in a temporary induced dipole. This mechanism is very rapid (time
scale of 10−15 s) and vanishes when the electric field is removed. Ionic polariza-
tion is also a rapid mechanism (10−12 − 10−13 s) caused by the displacement of
ions instead of electrons, and can occur in any material with ions. Orientation
(or molecular) polarization exists only in materials where the molecules have
a permanent dipole moment. In the absence of an electric field these dipoles
are arranged randomly, but the dipoles can move and align themselves with
the electric field when it is applied. Thermal energy from the environment
can increase the disorder in the dipoles, so at sufficiently high temperatures
the dipoles will no longer align with the electric field (assuming that the field
strength is not increased). The dipoles are also more free to move in liquids and
gases, while in solids they are restricted by bonds. Due to the large number of
possible permanent molecular dipoles, the orientation polarization mechanism
can be observed over a wide time scale (10−9 − 10−3 s) [106]. Finally, several ap-
plications make use of heterogeneous materials consisting of several dielectrics.
The accumulation of charges at the interfaces between these components results
in interfacial polarization, which has a longer relaxation time ( > 10−3 s) than
orientation polarization [107].

Due to the speed of the relaxations of electronic and ionic polarization mecha-
nisms, they are often considered to bemomentary. On the other hand, orientation
and interfacial polarization mechanisms are slower processes, and the charges
and dipoles take time to realign with an alternating electric field. At low fre-
quencies, the switching electric field is slow enough for the dipoles to sufficiently
follow the field. At higher frequencies, the slower polarization mechanisms can
no longer keep upwith the field, resulting in a reduction in the polarization and
a subsequent decrease in the relative permittivity with increasing frequency.
The permittivity and susceptibility of the dielectric are then expressed in terms
of their real and imaginary components. The complex relative permittivity (&A∗)
as a function of angular frequency ($) is represented by Equation (2.2) [106].
The dielectric properties can also be represented by the complex susceptibility
("A∗) instead of the permittivity, given in Equation (2.3) [108].
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Figure 2.13. Polarization mechanisms in dielectrics, showing the charges and dipoles
in the absence and presence of an electric field: (a) Electronic, (b) ionic, (c) orientation
(molecular), and (d) interfacial (surface) polarization.

&A
∗($) = &′A($) − 8&′′A ($) (2.2)

"A
∗($) = "′($) − 8"′′($) (2.3)

Here &′A is the real relative permittivity, &A” is the imaginary relative permittivity,
"’ is the real susceptibility, and "” is the imaginary susceptibility.

2.4.1 The Debye model
TheDebyemodel of dielectric relaxation assumes that the dipoles in thematerial
are ideal and non-interacting with a single relaxation time [108]. &′ and &′′ can
then be expressed in terms of the relaxation time (�), angular frequency ($), the
static permittivity (&B), and the permittivity at a practical upper frequency limit
(&∞), as given in Equations (2.4) and (2.5) [109]:

&′($) = &∞ +
&B − &∞
1 + $2�2 (2.4)

&′′($) = $�(&B − &∞)
1 + $2�2 (2.5)
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2.4 Dielectric materials

The changes in the real and imaginary permittivities are displayed in Figure 2.14.
For a specific dielectric relaxation at low frequencies ($� � 1) the dipoles follow
the applied field perfectly and there is no phase shift (�) between the dipole
orientation and the field, and so &” ≈ 0. Upon increasing the frequency, the
dipoles follow the field partly, resulting in a phase shift that causes &”> 0. This
phase shift leads to dielectric losses and a corresponding reduction in &’. At
higher frequencies ($� � 1), the dipoles can no longer follow the field, and &”
≈ 0 again, and &’ becomes constant. If there are several relaxation mechanisms
present in amaterial, Equations (2.4) and (2.5) are adjusted tofit eachmechanism,
as shown in Figure 2.14.

ε*

log f

ε's

ε'

ε''
ε'∞

ε'1

ε'2

ω𝜏a=1 ω𝜏b=1 ω𝜏c=1

σDC

Ka = ε's - ε'1 

Kb = ε'1 - ε'2 

Kc = ε'2 - ε'∞ 

Ka
1
2 Kb

1
2 Kc

1
2

C∞ R0

Ra Rb Rc

Ca Cb Cc

Figure 2.14. Frequency dependence of the real (&’) and imaginary (&”) permittivities
showing three relaxation mechanisms (represented by  0 ,  1 , and  2), including the
losses due to conductivity (���). The equivalent circuit for this system is included.

The dielectric losses (when &” ≠ 0) may be caused by the transfer of energy from
the electric field to the material [110], resulting in the the rotation of molecules
with permanent dipoles, or by absorption of charges at any interfaces or inho-
mogeneities, or by oscillation of charges. The loss angle �, which represents
the phase-shift between the dipoles and the field, quantifies the material’s in-
herent dissipation of electromagnetic energy. tan � is the dielectric loss factor,
and is commonly used to characterize the losses in the material. tan � con-
sists of a reactive power loss component (dielectric loss, represented by the first
term in Equation (2.6)) as well as an active power loss component (loss due to
conductivity �, represented by the second term in Equation (2.6)) [110]. When
applying DC voltage ($ → 0), the first term becomes negligible and the losses
are primarily caused by the conductivity.
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tan � =
&′′A
&′A
+ �
$&′A&0

(2.6)

The Debye response can also be represented by an equivalent electric circuit,
included in Figure 2.14. The response is obtained with a series combination
of a frequency-independent capacitance C and a resistance R, which give a
peak frequency $? = ('�)−1, which is the reciprocal of the relaxation time
�. When several relaxation mechanisms are active, additional RC-units can be
added to the equivalent circuit. The conductivity (�) and &∞ are represented by
the resistor '0 and the capacitance �∞, respectively. The capacitances �G and
resistances 'G for each relaxation (G = 0, 1, 2) are functions of the change in &’
( G), which are shown in Figure 2.14.

2.4.2 Deviations from the Debye model
In reality, few materials or systems exhibit the Debye response, and deviations
are common [108]. The Debye response is rare because most complex systems
inevitably contain more than one type of dipole with variations in the relaxation
time or the interactions between the dipoles. The shape of the &" peaks are then
broader or asymmetric, indicating that there may be a distribution of relaxation
times [109]. Several different models have been proposed for obtaining this
distribution. One common approach is to fit the experimental data with a
number of empirical expressions obtained in the frequency domain that are
basedon "non-Debye"processeswithmore thanone relaxation time. Thegeneral
biparametric Havriliak-Negami function, given in Equation (2.7) [111], uses the
characteristic parameters  and � to define the form of the distribution and
divergence from the Debye model.

&∗ = −8
(
�0
&0$

)#
+ &∞ +

∞∑
8=1

[
Δ&8(

1 + (8$�)
)� ] (2.7)

 is the width (or broadening) parameter, and specifies the slope of the low fre-
quency side of the relaxation in &”. � is the asymmetry (or skewness) parameter,
and -� gives the slope of the high frequency side of &”. &∞ is the permittivity
at the high frequency limit and �0 is the DC conductivity. If  = � = 1, then
the relaxation exhibits the ideal Debye response. If � = 1 and 0 <  < 1, the re-
laxation exhibits a Cole-Cole response, typically seen in amorphous solids and
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2.4 Dielectric materials

some polymers. If  = 1 and 0 < � < 1, the relaxation exhibits a Davidson-Cole
response, which is present in liquids and polymer solutions. The Havriliak-
Negami function is generally suitable for describing the dielectric response in
polymers, but does not necessarily provide a physical interpretation [110].

A different interpretation of dielectric phenomena emerged from the works of
Jonscher, and Dissado andHill [110]. Jonscher proposed a universal mechanism
in all dielectric materials due to the common power law behaviour [112], where
the dielectric susceptibility (") shows a frequency dependence with fractional
power laws [113], as shown below:

"′′($) ∝
{
$< , $ � $?
$=−1, $ � $?

(2.8)

Here < and = are between 0 and 1, and $? is the characteristic frequency of
the loss peak. Dissado and Hill developed a quantum mechanical approach
to make predictions of real dielectric behaviour. In the Dissado-Hill theory,
materials are assumed to be composed of clusters that show cooperative be-
haviour during the relaxation process [114]. A cluster can be considered to be a
spatially limited region with a partially regular structural order of dynamically
connected individual units [115]. The relaxations are therefore also "clustered",
and not treated independently. Different motions may arise between the relax-
ation entities (i.e. dipoles or mobile charges) due to electrostatic interactions,
electromechanical forces from changes in cluster shape or size, or changes in the
potential surface [115]. The exponents = and< refer to the degree of cooperation
within a cluster and between separate clusters, respectively, and are related to
the structural regularities of the dielectric material [115].

In addition to the high and low frequency branches of the dielectric loss peak
specified in Equation (2.8), which arise due to the cooperative interaction of the
charge and dipole clusters, the region near the peak frequency ($?) may be dom-
inated by a Debye-like response [116]. The universal law proposed by Jonscher
also includes a "carrier" response due to the charge carrier polarization of quasi-
mobile andweakly-bound electronic or ionic charges. In this dielectric response,
no loss peak is observed and the response becomes strongly frequency depen-
dent in the low-frequency region. This low frequency dispersion (LFD) is caused
by the low mobility charge carriers dominating the polarization at low frequen-
cies [113]. As a result, LFD is observed most commonly in carrier-dominated
systems (such as fast ionic conductors), but may also be found in humid insula-
tors or polymers at elevated temperatures (i.e. above the glass transition where
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ionic mobility is sufficiently high) [110]. The LFD phenomenon is also referred
to by Dissado and Hill as a ’quasi-DC’ (QDC) behaviour, and is described as the
movement, or hopping, of charges within restricted channels. The separation
of charges from their weakly-bound counter charges becomes larger than the
cluster size at low frequencies, resulting in the increase in susceptibility (and
subsequently, the permittivity) [115]. The distinctive characteristics of both the
dipolar and carrier responses in the universal law are shown in Figure 2.15. For
the carrier response, at low frequencies where LFD emerges the exponent =2
is close to zero, while at higher frequencies the exponent =1 is close to unity,
implying a low-loss system [113].

(a) (b)

Debye

ωp log ω

log 𝛘'

log 𝛘''

ωm

ωn-1

𝛘''(ω)

𝛘'(ω)

𝛘* ∝ωn2-1 

𝛘* ∝ωn1-1 

log ω

Figure 2.15. (a) The general shape of the non-Debye dielectric response according to
the universal law. The Debye response is included as a comparison. The slopes of log
"’ and log "” are parallel at high frequencies. (b) The dielectric response of a system
dominated by low mobility charge carriers, with two fractional power laws for low and
high losses with =1 close to unity and =2 close to zero, respectively. The LFD is observed
in the low-frequency part. The images are adapted from [112].

2.4.3 The dielectric breakdown strength
When a sufficiently large voltage is applied across an electrical insulating ma-
terial for an extended period of time, the material will experience a dielectric
breakdownwhere it becomes a conductor and an electric current can flow [117].
An example of dielectric breakdown is the effect of lightning during a storm,
where a high potential difference arises between the clouds and the ground.
The air acts as the insulator between them, and breaks down when a critical
potential difference is reached. The dielectric breakdown strength (DBS) is the
electric field strength at the point of breakdown, and is an intrinsic property
of the insulating material. The voltage required for a breakdown will depend
on not only the breakdown strength of the material but also the size and shape
of the object. Dielectric breakdowns are stochastic processes, meaning that sta-
tistical methods must be used to predict or describe breakdown values. The
Weibull distribution [118] is employed in electrical insulation system design for
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2.4 Dielectric materials

characterizing the dielectric breakdown strength [119]. TheWeibull distribution
is used as a two-parameter ( and �) function, where  is the scale parameter
representing the voltage or electric field that would result in a 63 % probability
of breakdown, and � is the shape parameter representing the distribution of
breakdowns.

There are two fundamental mechanisms of breakdown [120]. The first is elec-
tronic breakdown, where electrons obtain sufficient energy to be excited over the
band gap between the valence and conduction bands. The second mechanism
is avalanche breakdown, where conduction band electrons have enough energy
to liberate more electrons from atoms by collisions. In reality however, most
materials will experience a dielectric breakdown before the intrinsic breakdown
strength is reached due to extrinsic effects such as mechanical or thermal fail-
ures and ageing effects. For example, temperature rises due to Joule heating or
heating by dielectric dissipation loss may melt the material, leading to dielec-
tric failure; some soft insulating materials also can be reduced in thickness by
Maxwell stresses when subjected to voltage, resulting in enhancement of the
electric field and a subsequent positive feedback loop [121].

2.4.4 Partial discharges and electrical treeing
Partial discharge (PD) in solid insulation can be a potential source of failure in
the materials. A PD is a discharge that does not completely bridge the distance
between the high voltage conductor and the ground electrode, resulting in local
degradation of the insulation via ionization and a reduced lifetime [122]. Insu-
lation systems consisting of solid polymer materials are particularly susceptible
as they have no resistance to PDs and degrade permanently [122]. The main
sources of PDmay beweak regions in thematerial (due to ageing effects through
a combination of various electrical, mechanical, thermal or chemical stresses)
with a lower dielectric strength, or local defects (such as voids)where the electric
field is enhanced [123]. Extended PD activity can lead to electrical treeing, a
pre-breakdown phenomenon in solid insulation where the PDs form dendritic
paths that progressively grow and branch into hollow channels in the shape of
trees. Figure 2.16 shows the different profiles of electrical trees, which may be
either tree-like or bush-like, depending on the number of branches and how
early the branching begins. Electrical treeing is problematic in polymers, rub-
bers, and epoxy resins, andwill eventually lead to breakdown once it is initiated
and allowed to continue. Treeing takes place over four stages: an incubation
period, followed by initiation of the tree, then the propagation (tree growth),
and finally a total breakdown. Apart from PD, other processes may occur that
can lead to initiation of treeing, such as mechanical fatigue or charge injection
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and extraction [121]. Repeated injection and extraction of high energy electrons
from the electrode can lead to charge build-up and material degradation (via
polymer chain scission and oxidation), resulting in a decrease in the breakdown
strength. The built-up charge will also generate a higher electric field during
the opposite cycle of AC voltage. If the energy of the electrons are sufficient, a
partial breakdown occurs, leading to tree initiation.

(a) (b)

(c)

Figure 2.16. (a) The profile of electrical trees in poly(methyl methacrylate), and the for-
mation of (b) linear (tree-like) trees with few branches, and (c) bush-like trees with mul-
tiple branches close to the initiation point, in polyethylene. Both images are reprinted
with permission from Springer Nature Customer Service Centre GmbH: Springer Na-
ture, Polymer Nanocomposites Electrical and Thermal Properties by Xingyi Huang and
Chunyi Zhi, 2016.

The transition from inception to propagation is marked by current pulses from
discharges in a gas-filled channel [124]. These discharges can inject charges into
the polymer around the discharge head, thereby acting similar to the electrode
during initiation. Repeated discharges would then result in the extension of
the tree. In cases where the channel walls are conductive, the growth may be
propagated even in the absence of any partial discharges [124]. Different types
of PD are observed to exhibit distinguishable phase-resolved partial discharge
(PRPD) patterns, such as those shown in Figure 2.17.
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(a) (b)

Figure 2.17. Phase-resolved partial discharge (PRPD) patterns of (a) void and (b) surface
discharges on XLPE material. Reprinted with permission from [125], 2012 IEEE.

During electrical treeing, void and surface discharges are the most common
types of PD. The discharge patterns for PDs within voids or cavities manifest on
both cycles of the voltage [122], as seen in Figure 2.17a. The inception voltage
is typically higher than the extinction voltage due to presence of free charge
carriers that remain after PD is initiated. The PD pattern may change with time
however, as the surface of the void or the pressure inside may change with the
discharges [122]. Surface discharges occur in regions where the electrical stress
is at a tangent to the material surface [122]. These discharges may bridge large
distances, and show higher PD on the negative cycle of the voltage. Similar to
void discharges, inception and extinction voltages are different as the charge
carriers on the surface change the electric field locally [122].

Large bursts in PD activity are typically associated with long discharge paths
that result in branched-tree growth (tree-like trees) [124]. Bush-like trees were
observed to form when there was an increase in the amount of injected charge
around the tree tips or at branchingpoints, associatedwith small local discharges
in the tree close to the zero voltage points on the applied waveform [124].
A similar observation was made by Lv et al. [126], where the PD patterns
showed two types of void discharges - ’wing-like’ or ’turtle-like’ in long, narrow
channels and short-wide channels, respectively. Figure 2.18 displays examples
ofwing-like and turtle-like PDpatterns. PDswith lowermagnitudesmay also be
present that do not contribute to the growth of the tree, as they do not possess
enough energy, but may contribute to the widening of the tree channels and
carbonisation of the channel walls.
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(b)(a)

Figure 2.18. Examples of PRPD patterns representing (a) wing-like, and (b) turtle-like
PD, along with a sketch of the discharge route for the corresponding PD. Reprinted
with permission from [126], 2017 IEEE.

Eventually the tree will extend to the ground electrode, and after a certain
gaseous discharge process the material experiences the final breakdown [121].
In some cases ’reverse trees’ have also been observed in the final stage prior to
breakdown, where a tree also starts growing from the ground electrode towards
the high voltage needle electrode instead [126–128]. However, the cause of the
formation of such reverse trees is not well understood, although it appears that
the formation of a primary, filamentary tree is required [128].

2.5 Epoxy nanocomposites as high voltage insulation
materials

Epoxy is used commonly as electrical insulation in power equipment and other
electrical components, such as in dry (cast-resin) transformers, rotating ma-
chines and motor windings, printed circuit boards, gas insulation switchgear
spacers, bushings, and generator groundwall insulation systems [4, 129, 130].
The good adhesive properties and excellent chemical resistance of epoxy along-
side the necessary electrical properties make epoxy attractive for such applica-
tions. However, some mechanical reinforcement of the epoxy may be necessary,
depending on the requirements of the application or equipment, due to its high
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2.5 Epoxy nanocomposites as high voltage insulation materials

brittleness and low fracture toughness (0.5-0.7 MPa m1/2) [131]. Inorganic fillers,
such as metal oxides (e.g. SiO2, TiO2, Al2O3, MgO), nitrides (e.g. Si3N4, BN),
or carbon nanotubes, have been used as additives to improve the mechanical
properties [132–134], decrease water absorption [135], and improve the thermal
conductivity [136,137]. There is, however, a trade-off, as the use of micron-sized
filler particles often results in a degradation of the electric strength [5].

2.5.1 Dielectric properties
The use of nano-sized fillers in epoxy for dielectrics and electrical insulation
have attracted attention since the early 2000s [52]. Nelson and Fothergill were
two of the first researchers to report the disparity in dielectric properties be-
tween composites with nanoparticle and micron-sized particle fillers [5]. They
reported a reduction in the real relative permittivity of epoxy-TiO2 nanocompo-
sites from that of pure epoxy, compared to the increase observed in conventional
microcomposites (shown in Figure 2.19). Most importantly, the DC breakdown
strength of the composites decreased from ~3000 kV mm−1 to ~1500 kV mm−1

for both themicro- and nanocomposites with increasing filler content. However,
the decrease was steeper initially for the microcomposites, and the breakdown
strength of the nanocomposites did not decrease significantly until the filler
content exceeded 10 wt%. The nanocomposites also exhibited LFDwith parallel
slopes of -1 for the real and imaginary permittivities, aswell as a flattening of the
loss tangent (tan �) at low frequencies (below 10−1 Hz), indicating the presence of
low mobility charge carriers. Pulsed electro-acoustic (PEA) measurements also
showed a reduction in the space charges present in nanocomposites, compared
to microcomposites, as well as a more homogeneous charge distribution.

Singha and Thomas [4,138] investigated epoxymicro- and nanocomposites with
TiO2, Al2O3, and ZnO fillers, and found similar effects on the dielectric proper-
ties. For lowfiller contents (below 1wt%), the nanocomposites exhibited smaller
real relative permittivities and tan � than that of pure epoxy. At higher filler con-
tents of nanoparticles (above 5 wt%) or with the use of micron-sized particles,
the permittivity and tan � increased significantly. However, the AC breakdown
strengthwas lower for all the composites compared to pure epoxy (Weibull scale
parameter of 52.30 kV mm−1). The opposite behaviour was observed between
the TiO2 and Al2O3, as the decrease in the dielectric strength was greater for
the microcomposites for a given filler content of Al2O3, whereas the decrease
was greater for the nanocomposites with TiO2. On the other hand, Nascimento
et al. [139] reported improvements in the breakdown strength of nanocompo-
sites containing Al2O3 and ZnO, although the benefits were largest at lower
filler contents (below 3 wt%). Decrease of the breakdown strength at higher
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(a)

(b)

Figure 2.19. (a) Real relative permittivity, and (b) loss tangent of epoxy resin, micro-
and nanocomposites with TiO2 as filler, at 393 K. Reproduced with permission from [5],
IOP Publishing, all rights reserved.

filler loadings was attributed to a percolated interface, creating a conductive
pathway.

Kochetov et al. [140] measured the complex permittivity of several different
nanocomposites, including Al2O3, AlN, MgO, SiO2, and BN as fillers. The par-
ticles (except SiO2) were surface modified using GPTMS to aid their dispersion.
All of the nanocomposites (except those containing SiO2) exhibited a decrease
in the real permittivity at filler contents below 5 wt%. The permittivity was
observed to be lowest at a filler content of 2 wt% for almost all the different filler
materials. They also reported that the type of inorganic filler used appeared
to have no effect on the permittivity, but rather the size of the particles was
important, showing a larger increase in the permittivity with increasing size of
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2.5 Epoxy nanocomposites as high voltage insulation materials

the nanoparticles. The different behaviour observed in the SiO2 nanocomposites
was attributed to the unknown surface modification of the particles (which was
present as received from the suppliers). Figure 2.20 shows the effect of the filler
types and the filler size on the real permittivity of the nanocomposites [140].

(a) (b)

Figure 2.20. Variations in the real permittivity (&’) of nanocomposites with (a) 2 wt% of
different filler particles, and (b) 10 wt% of BN with different particle sizes. Reprinted
with permission from [140], 2012 IEEE.

The importance of surface modification of the nanoparticles was also reported
by others. Virtanen et al. [141] tested the AC dielectric breakdown strength
of epoxy-SiO2 nanocomposites with the SiO2 surface modified by different
bimodal-polymer-brushes. The brushes consisted of short molecules (oligo-
thiophene or ferrocene) and long chains of poly(glycidylmethacrylate) (PGMA).
For 2 wt% filler content, the breakdown strength increased in all samples, but
most significantly in the one containing SiO2 with PGMA and thiophene (in-
crease in Weibull scale parameter from 187 to 277 kV mm−1). More recently
Bell et al. [70] performed similar experiments using bimodal brushes with dif-
ferent short molecules (terthiophene, anthracene and thiophene) and correlated
the improvements in the breakdown strength with reductions in the free space
length (L 5 ) between the nanoparticles, reporting up to a 34 % increase in the
breakdown strength. L 5 is defined as the length of the sides of the largest ran-
domly selected square where the most probable number of particles present
is zero. L 5 is therefore an estimate for the size of the largest polymer regions
with no filler particles, and was observed to be inversely related to the grafting
density of the ligands. Siddabatuni et al. [69] reported a decrease in the break-
down strength when unmodified TiO2 nanoparticles were added to epoxy, but
the use of organophosphate ligands to modify the particle surface resulted in
an increase in the breakdown strength. The real relative permittivity however
was increased in all the nanocomposites compared to pure epoxy. Yeung and
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Vaughan [142] also reported similar findings as Siddabatuni et al., where the
breakdown strength decreasedwhen unmodified SiO2 nanoparticles were used,
but increased noticeably (from 182 to 268 kV mm−1) when varying amounts of
GPTMS was used as surface functionalization.

Imai et al. [129] prepared composites containing a mixture of nano- andmicron-
sized filler particles consisting of a modified layered silicate and silica, respec-
tively. This type of composite, hereby referred to as a nano-microcomposite,
was found to exhibit higher breakdown strengths than a conventionally filled
epoxy (both with the same filler content of micron-sized particles). The authors
attributed this to obstruction of electrical treeing by the nano layered silicates
due to themore densely packed structure and smaller distances between nearest
neighbours. Iyer et al. [130] studied similar nano-microcomposites with spher-
ical silica particles and a higher filler content than in the work by Imai et al.
but with contrary results. Both the conventional microcomposites and nano-
microcomposites exhibited lower breakdown strengths, although the decrease
was smaller for the latter. On the other hand, nanocomposites with 2 and 5 wt%
filler content possessed a higher breakdown strength than pure epoxy. Liang
andWong [143] also investigated microcomposites, nanocomposites, and nano-
microcomposites containing either SiO2 or Al2O3. They reported an increased
breakdown strength in all the different types of composites, although the nano-
microcomposites exhibited the highest strength. Conversely, the nano- and
microcomposites exhibited lower partial discharges on the surface compared to
the nano-microcomposites.

Table 2.2 summarizes the changes in dielectric properties, highlighting selected
results from literature. There are several inconsistencies in the reported re-
sults. In many cases there were improvements observed in both the dielectric
breakdown strength and the real relative permittivity, while in others only one
of the properties benefited from the use of nanoparticles. In some materials,
both properties diminished but the nanocomposites still performed better than
microcomposites. Generally the type of nanoparticle used as the filler does not
appear to affect the dielectric properties significantly, but the amount of filler
used or the surface modification of the particles are critical. This indicates the
significance of the dispersion of the nanoparticles, as both the filler content and
surface properties will affect how well the particles are dispersed in the epoxy
and the degree of agglomeration. As noted earlier, the procedures used in the
preparation of the nanocomposites vary as well, which also contribute to the
state of dispersion.
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2.5 Epoxy nanocomposites as high voltage insulation materials

2.5.2 Electrical treeing and partial discharges
Increased resistances to partial discharges and electrical treeing have been ob-
served in nanocomposites, compared to pure epoxy. A summary of the dif-
ferent treeing behaviours and PD properties is presented in Table 2.3. Alapati
and Thomas [149] demonstrated an increase in the propagation time for trees in
epoxy-Al2O3 nanocomposites. Nyamupangedengu and Cornish [150] reported
a reduction in the magnitude of PD observed in nanocomposites filled with
either SiO2, Al2O3 or MgO, compared to pure epoxy. However, the reduction
in PD did not necessarily correspond to an increase in time to failure, which
was found to increase with the filler content [150]. Imai et al. [151] observed an
increased breakdown time, which was amplified significantly at higher temper-
atures, and the electrical tree propagation speed was ~50 % for layered-silicate
nanocomposites compared to pure epoxy. Imai et al. also reported a signifi-
cant increase in tree branching in nanocomposites, while electrical trees in pure
epoxy were more linear, as seen in Figure 2.21. Chen et al. [152] and Raetzke et
al. [153] both demonstrated increases in the tree initiation time in layered-silicate
nanocomposites, respectively. Nakamura et al. [154] reported both a decrease in
the tree growth speed as well as a transition from branched to bushy trees with
increasing SiO2 nanoparticle content at several temperatures (as shown in Fig-
ure 2.22), while exhibiting both wing-like and turtle-like PRPD patterns. Chen
et al. [155] highlighted the importance of the quality of particle dispersion for
the treeing resistance, showing significant increases in the time from initiation
to breakdown in surface-treated SiO2 nanoparticles compared to unmodified
nanoparticles which were more poorly dispersed.

(a) (b) (c)

Figure 2.21. Electrical tree patterns in (a) pure epoxy, and (b) epoxy-layered silicate
nanocomposite at 10 kV. (c) A comparison of propagation times for electrical trees
in pure epoxy and epoxy-Al2O3 nanocomposites. (a) and (b) were reprinted with
permission from [151], 2007 IEEE. (c) was reprinted from [149].
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2.5.3 High temperature effects on the complex permittivity
Dielectric spectroscopy experiments at higher temperatures (up to 200 °C) have
revealed interesting relaxation behaviours in the complex permittivity for epoxy
and its nanocomposites. At room temperature, epoxy exhibits a single relax-
ation, typically between 102 and 106 Hz, that corresponds to secondary relaxation
processes. This is known as the �-relaxation, and is caused by the movement
of local polar groups attached to the main epoxy chain - in this case, primarily
the -OH groups [157]. At temperatures close to and above the glass transition,
another relaxation process emerges, known as the -relaxation, which is caused
by the molecular chain movement or motion of segmental chains that becomes
possible above the glass transition [158]. However, at even higher temperatures
(above 100 °C) and low frequencies (below 1 Hz), an additional phenomenon is
observed for both pure epoxy and its nanocomposites, where both the real and
imaginary permittivities exhibit a sharp increase with decreasing frequency, as
seen in Figure 2.23.
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Figure 2.23. The real (top row) and imaginary (bottom row) relative permittivities
of pure epoxy (pristine EP) and epoxy-SiO2 nanocomposites (1 and 3 wt%) with
hyperbranched-polyester-treated SiO2 between 20 and 200 °C. Adapted from [148]
with permission from the Royal Society of Chemistry.

This behaviour is commonly attributed to electrode polarization (EP), caused
by accumulation of space charges at the interface between the epoxy and the
electrode [159]. The delay in charge transfer at the interfaces results in an addi-
tional interfacial polarization on a macroscopic level [160]. Others, however,
have attributed the rapid increase in the permittivities to the LFD (or QDC)
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2.5 Epoxy nanocomposites as high voltage insulation materials

effect [115,148,161,162]. Figure 2.24 displays an example of the complex permit-
tivity behaviours for the different relaxation phenomena. Since lower relative
permittivities and dielectric losses are preferred for high voltage insulation ma-
terials, it becomes evident that the glass transition temperature is another im-
portant property since this sudden increase in permittivity becomes significant
only above the glass transition.

ɛ'

β

α

LFD/EP

10-2 10-1 100 101 102 103 104 105 106 f [Hz]

Movement of local polar group

Movement of entire polymer 
chain or chain segments

+
+
+
+

Anion
Cation

Electrode polarization and/or 
movement of ions

Temperature

Figure 2.24. Schematic showing the representative behaviour of the real permittivity
(&’) with different relaxation phenomena in epoxy with increasing temperature, as well
as the mechanisms involved for each relaxation.

2.5.4 The thermomechanical properties
The demands on the dielectric properties of epoxy are not the only ones to be
considered when it comes to application as high voltage insulation, as the ther-
mal properties are also key to its performance. Additionally, insulationmaterials
are constantly subjected to abrasion and high shear stresses, which might result
in cracks or delamination leading to electrical discharge and failure [1]. As a
thermosetting polymer, both the mechanical and dielectric properties of epoxy
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are related to its glass transition, which is affected by a multitude of factors. The
incorporation of inorganic oxide nanoparticles has therefore resulted in a wide
spread of effects, with little consistency between different studies [6]. Some
studies have demonstrated a decrease in the glass transition temperature ()6) at
low filler loads, but an increased )6 at higher filler loads [4, 133, 163]. Others
have demonstrated that the changes in )6 are dependant on the surface modifi-
cation used [69, 88, 89, 164, 165] or the size of the particles [164]. In some cases
at high filler contents, the increase in )6 was observed to be smaller, or )6 was
even observed to decrease [88, 133]. Several studies have also demonstrated a
decrease in )6 upon inclusion of the nanoparticles, even when surface modified
nanoparticles were used [142, 166]. A unique case was reported by Zhang et
al. [134] where a second glass transition was observed, which behaved differ-
ently from the first glass transition. The second T6 increased with increasing
nano-SiO2 load, whereas the first T6 decreased with increasing load. The emer-
gence of a second, distinct glass transition is predicted by the model proposed
by Tsagaopoulos and Eisenberg [57], but no other reports of such behaviour
have been found in literature for epoxy nanocomposites. Table 2.4 displays
the differences observed in the changes in )6 in various epoxy nanocomposites.
Generally, the interactions between the filler and the polymer matrix are held
responsible for the changes in )6 . These interactions, which are more likely
when the particles are well-dispersed (which maximises the interfacial area) or
are chemically bonded to the epoxy chains via coupling agents, can immobilize
the polymer chains. This would mean that more energy is required to overcome
these interactions andmobilize the chains during the glass transition, leading to
an increase in )6 [133]. According to this "chain immobilization theory", invari-
ance or decreases in )6 are attributed to a lack of local interfacial interactions
which can affect the dynamics of the polymer chains.

The thermal stability of epoxy is another important property as a higher thermal
stability will reduce the risk of degradation of the insulation material from
high temperatures generated during operations (e.g. heat dissipation from
dielectric losses or flashovers). Generally the initial thermal stability is increased
upon the inclusion of inorganic oxide nanoparticles [20, 85, 102, 165, 167–169],
although some exceptions are observed [137,170] when the particles are large or
poorly-dispersed. The initial degradation temperature (which is the temperature
required for 5 % mass loss in the material) for epoxy and its nanocomposites is
typically between 250 and 350 °C.

Traditionally inorganic particles are used to reinforce the mechanical properties
of polymers; nanoparticles can potentially give larger improvements in these
properties compared to the micrometer-sized particles [171]. The increased
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2.5 Epoxy nanocomposites as high voltage insulation materials

number of interfacial interactions can enhance the flexural and tensile strengths
as well as the fracture toughness in epoxy, as they allow uniform stress trans-
fer from the polymer matrix to the nanoparticles [132, 133, 163]. The elastic
moduli (�) is also expected to increase due to the significantly larger elastic
moduli of the inorganic oxides, based on the Halpin-Tsai or Lewis-Nielsenmod-
els [133, 163, 166, 171, 172]. At low filler loads the predicted increase in � is
observed experimentally, although deviations are seen at high filler loads which
are often attributed to agglomeration effects. Figure 2.25 shows an example of
the relative improvements in the various mechanical properties of nanocom-
posites. Epoxy-SiO2 nanocomposites (Figure 2.25a) exhibited increased tough-
ness, microhardness, and flexural modulus with increasing SiO2 content. The
epoxy-TiO2 nanocomposites (Figure 2.25b) exhibited increased ultimate tensile
strength, Young’s modulus, strain-to-break, and tensile toughness with increas-
ing TiO2 content, but only up to ~7 wt% TiO2.

(a) (b)

Figure 2.25. Relative improvements in flexural and tensile properties for (a) SiO2 and
(b) TiO2 nanocomposites, respectively, with changes in nanoparticle content. In (b) the
abbreviations in the legend stand for (from top to bottom) ultimate tensile strength,
Young’s modulus, strain-to-break, and tensile toughness. (a) was reprinted from [134],
with permission from Elsevier. (b) was reprinted from [133], with permission from
Elsevier.

The intrinsic brittleness of epoxy is also influenced by the inorganic filler. How-
ever this is not well understood, with conflicting results being reported in litera-
ture regarding the effect of different fillers on the ductility of epoxy nanocompo-
sites [6]. Some studies indicate that the surface modification (and subsequently
the state of dispersion) will affect the properties of the composite. Particle-
particle interactions in agglomerates may also lead to uneven distribution of
stress, which can lead to failure in the material.
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Table 2.4. Changes in the glass transition temperature ()6) of epoxy nanocomposites
from selected literature. The temperature in brackets denotes the reported glass transi-
tion for pure epoxy.

Filler Load [wt%] T6 [°C] Notes Ref.

SiO2 2.5-30 79-82 (80) )6 increased with increasing filler
content

[163]

TiO2 0-10 62-80 (65) )6 decreased for high filler loads [133]
SiO2 0-9 87-96 (91) )6 dependant on particle size and

surface modification
[164]

Al2O3 0-10 101-112 (112) )6 decreased when particles were
modified with APTES

[166]

SiO2 2 74-81 (80) )6 decreased with increasing
amount of GPTMS

[142]

TiO2 16 85-100 (99) )6 varied with ligands used [69]
TiO2 0-10 61-69 (70) )6 decreased initially, but increased

with increasing filler load
[4]

Al2O3 0-5 61-68 (70)
SiO2 0-24 77-88 (82) Irregular changes in)6 with smaller

particles
[171]

SiO2 0-7 102-115 (104) )6 decreased initially, and then in-
creased, with increasing filler con-
tent. The increase was smaller for
high filler contents

[148]

SiO2 0-5 115-119 (116) )6 increased initially, and then de-
creased, with increasing filler con-
tent

[161]

BN 0-5 94-96 (93) )6 increased with increasing filler
content

[160]

SiO2 0-25 42-53 (44) )6 increased initially, and then de-
creased, with increasing filler con-
tent

[88]

SiO2 10 125 (90) - [20]
TiO2 10 128 (90) -
SiO2 0-15 42-50 (45) )6 increased when particles were

modified with GPTMS
[89]

SiO2 0-22 95-112 (95) )6 increased with increasing filler
content

[167]
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2.6 Molecular dynamics simulations of epoxy nano-
composites

Molecular dynamics (MD) simulations are used to study the properties of con-
densed matter by analysing the motion of atoms in a molecular system by mod-
elling the systemwith approximate interaction potentials [173]. MD simulations
are founded upon the basic principles of statistical mechanics, and are therefore
commonly used to describe the microscopic dynamical behaviour of individ-
ual atoms in a system [174]. However, to achieve this properly a description
of the inter-particle interactions is necessary, and a common way to approach
this is to use a force field. A force field is a set of interatomic and intra-atomic
parameters that describes the energy dependence of a system on its particle
coordinates [175]. The different terms in a force field expression may describe
intramolecular or local contributions to the total energy (e.g. from bond stretch-
ing, angle bending, dihedral, and improper torsions), vanderWaals interactions,
and Coulombic interactions [175]. Commonly used force fields for simulations
of polymers include OPLS, COMPASS, and AMBER, which were initially de-
rived for biological systems [173, 175]. The parameters used in the different
force fields are obtained from ab initio or semi-empirical quantum mechanical
calculations, or from experimental parameters [175].

The use of force fields allow large-scale calculations to be performed with rela-
tively low computational resources. However, one limitation of empirical force
field based simulations is that they can be applied only to systems that con-
tain functional groups that were included in the development of the force field.
Another challenge is that most force fields limit simulations by restricting the
system to a single molecular connectivity - in other words, they cannot describe
chemical reactions (e.g. bond breaking and forming) [174]. Certain force fields
have been derived (e.g. ReaxFF, AIREBO, REBO [176]) that can break bonds, but
with a high computational cost. This presents one of the challenges in simulating
epoxy resins and other thermoset polymers due to the presence of cross-links
between the different polymer chains. Cross-links in epoxy must therefore be
introduced manually into the system.

Different methods have been used for building structures of cross-linked epoxy.
One approach is to build the cross-linked network structure first using a coarse-
grained model and then convert it to an atomistic description [177]. Alterna-
tively, one may start with a physical mixture of the monomers and the cross-
linkingmolecules, and then perform "reactions" (polymerization) in conjunction
with theMD simulation [177]. The latter approach has been employed in several
works investigating the thermoelastic behaviours of epoxy and its nanocompo-
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sites [177–181]. The cross-linking reactions may be performed in a single step
where all of the potential chemical bonds between the monomers are formed.
This results in a large strain in the system, as many atoms will now be bonded at
distances larger than the bond length [177]. Alternatively, a multi-step process
may be used, where in every step the reacting atom pairs within a specified cut-
off distance are bonded, and the system is relaxed using MD simulation [177].
When there are no atom pairs available within the cut-off distance for reactions,
the system is mixed before the next step.

Simulations of epoxy nanocomposites have been performed using a variety
of force fields, cross-linking agents and algorithms, and filler types (either as
particles e.g. SiO2 or Al2O3, or as nanosheets (BN) and nanotubes (carbon)).
Table 2.5 shows results from selected works in literature investigating simulated
properties of epoxy nanocomposites. The quality of the parametrization of
force fields will also affect the accuracy of the measurements, and systems
that are simulated under conditions that differ greatly from those used in the
parametrization will require careful handling. Therefore, comparisons between
simulations performed with different force fields are challenging. Since force
fields are based on numerous approximations, simulations using them should
be validated with comparisons to corresponding experimental results [175].
Additional considerations for the models used for the nanoparticles, and the
inclusionof surface functionalizationor interfacial bonding, should alsobemade
when performing MD simulations. One common feature in the simulations
listed in Table 2.5 is that the positions of the nanoparticles are fixed at the centre
of a periodic unit cell. While the epoxy chains can bemobile around the particle,
the particle itself is generally fixed and does not move much, resulting in what
is effectively a uniform dispersion of particles. It would therefore be interesting
to simulate the properties of nanocomposites with varying states of dispersion
of the nanoparticles, or even situations without spherical particles.
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3 Methods and experimental details

3.1 Synthesis of nanocomposites

3.1.1 Materials used
Table 3.1 lists the chemicals used for the preparation of pure epoxy resins and
in-situ synthesized nanocomposites.

Table 3.1. Chemicals used in the synthesis of epoxy nanocomposites

Chemical Abbreviation Purity [%] Producer
Diglycidyl ether of bisphenol-A DGEBA - Merck
Poly(propylene glycol) bis(2-aminopropyl
ether)

POPDA - Merck

Tetraethyl orthosilicate TEOS 98 Merck
Titanium (IV) isopropoxide TIP 97 Merck
Aluminium isopropoxide AIP 98 Merck
3-(aminopropyl) triethoxysilane APTES 98 Merck
3-(glycidyloxypropyl) trimethoxysilane GPTMS 98 Merck
Hydrochloric acid (36 %) HCl - Merck
Ammonia solution (35 %) NH3 (aq) - Merck
Acetic acid CH3COOH - Merck
Silicon dioxide, 10-20 nm SiO2 - Merck
Anhydrous 2-propanol C3H7OH 99.5 Merck
Loctite Frekote 55-NC - - Henkel

Diglycidyl ether of bisphenol-A (DGEBA), with a molecular weight ("F) of
340.41 g mol−1, was used as the epoxy monomer. Poly(propylene glycol) bis(2-
aminopropyl ether) ("F of 230 g mol−1), also known as poly(oxypropylene di-
amine) (POPDA) or the trade name Jeffamine D230, was used as the curing
agent for the epoxy. 3-(aminopropyl) triethoxysilane (APTES) and 3-(glycidyl
oxypropyl) trimethoxysilane (GPTMS) were used as the silane coupling agents
for surface functionalization of both the in-situ prepared and pre-synthesized
inorganic oxide nanoparticles. The inorganic alkoxides tetraethyl orthosilicate
(TEOS), titanium (IV) isopropoxide (TIP), and aluminium isopropoxide (AIP)
were used as precursors for the syntheses of SiO2, TiO2, and Al2O3, respectively.
Loctite Frekote 55-NC was used as a release agent for the molds.
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3.1.2 Preparation of pure epoxy samples
Samples of pure epoxy, to be used as a reference, were prepared by mixing
DGEBA with the curing agent POPDA in a 2:1 molar ratio of DGEBA:POPDA
(1:1 ratio of epoxide groups to amine groups). In preliminary samples, the
mixing was performed with a magnetic stirrer at ambient conditions for 15 min,
followed bydegassing in vacuum for 15-20min to remove air bubbles introduced
during the stirring. The resin was then poured into cylindrical Teflonmolds (for
samples with 30 mm diameter and 5-15 mm thickness) and cured at 100 °C for 5
h. The walls of the Teflon molds were lightly waxed with high-vacuum silicone
grease to enable easier ejection from the molds.

Based on the quality of data obtained from these preliminary samples, the
casting procedurewas altered for subsequent samples. TheDGEBAandPOPDA
were instead mixed inside a vacuum chamber with a mechanical stirrer for 30
min. Afterwards, the resin was injected into a stainless-steel mold (for discs
with 40 mm diameter and 1 mm thickness) while under vacuum. The mold was
then placed in a pressure chamber at 100 °C for 5 h with 10-12 bars of N2 gas.
Loctite Frekote 55-NC was used as a release agent for the mold prior to casting.

3.1.3 Preparation of epoxy nanocomposites with in-situ synthesis
of SiO2, TiO2, and Al2O3

Table 3.2 provides an overview of the different epoxy nanocomposites prepared
using the in-situ approach and the variations in the synthesis parameters. Fig-
ure 3.1 shows a general schematic outline of the in-situ synthesis procedures of
SiO2, TiO2, and Al2O3 nanoparticles in epoxy. The preparation of the nanocom-
posites was performed entirely inside a fume cupboard to limit exposure to any
toxic fumes that may emerge from the heated epoxy.

3.1.3.1 Synthesis of SiO2

The chronological two-step procedure used by Afzal and Siddiqi [88] was
adapted for the preparation of SiO2 in situ in epoxy. DGEBA was heated to
80 °C under reflux in a round-bottom flask on a heating mantle. The SCA was
added to the DGEBA and mixed with a magnetic stirrer for 1 h. Afterwards
the temperature was reduced to 60 °C and the required amount of TEOS (for a
specific SiO2 content) was added, and stirred for another hour. Distilled water,
brought to the desired pH using either HCl or NH3 solution, was then added (in
the molar ratio 2:1 for H2O:TEOS and 1.5:1 for H2O:SCA) to initiate the hydro-
lysis and condensation of TEOS and the SCA. The mixture was stirred at 60 °C
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Table 3.2. Overview of the synthesis parameters of various in-situ
epoxy nanocomposites.

Filler Content
[wt%]

SCA SCA:DGEBA
mass ratio

pH Notes

5 - - 2
2, 3, 4, 5 GPTMS 1:10 2 [a]
1, 2, 3, 4, 5 APTES 1:10 2

SiO2 1, 2, 3, 5 APTES 1:10 7
1, 2, 5 APTES 1:10 11

[b]
5 APTES 1:30 7
5 APTES 1:30 11

TiO2 1, 3, 5 APTES 1:30 7
Al2O3 1, 3, 5 APTES 1:30 7
a Preliminary cylindrical samples prepared without mixing of resin and
curing agent in vacuum, andwithoutN2 pressurization during curing.
Samples were cast in Teflon molds.

b Disc-shaped samples prepared by mixing resin and curing agent in
vacuum, and with N2 pressurization during curing. Samples were
cast in stainless-steel molds, with injection under vacuum.

for 4 h, and then at 80 °C for 1 h. It was then removed from the round-bottom
flask and poured into a polyethylene terephthalate (PET) beaker and stirred at 80
°C overnight (approximately 15 h) to remove alcohol by-products or unreacted
water. The resin was then mixed with the curing agent under vacuum, cast into
the molds, and then cured under N2 pressurization for 5 h at 100 °C.

3.1.3.2 Synthesis of TiO2

DGEBAandAPTESwasmixed in aPETbeaker at 80 °Cwithamagnetic stirrer for
1 h. Simultaneously, the required amount of TIP was transferred to a glass con-
tainer and mixed with anhydrous 2-propanol using ultrasonication for 30 min.
Prior to the transfer of TIP, the syringe was flushed with Ar gas, and the transfer
was conducted by maintaining a flow of Ar gas at the tip of the syringe needle,
to prevent the hydrolysis of TIP from moisture in the air. After the ultrasoni-
cation, the TIP/2-propanol mixture was added dropwise to the silanized epoxy
mixture while stirring at 50 °C. Afterwards, the required amount of distilled
water for hydrolysis and condensation was mixed with anhydrous 2-propanol
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Addition of SCA Addition of
inorganic precursor Addition of H2O

80 oC 60 oC 60 oC 80 oC

to DGEBA

Addition of SCA

Addition of inorganic
precursor to propanol

50 oC 50 oC 50 oC

80 oC

Mix silanized epoxy
with precursor mixtureto DGEBA

Addition of H2O
Cast under vacuum

and cured (10 bar N2)
at 100 oC, 5h

with ultrasonication

For TiO2 and Al2O3

For SiO2

Figure 3.1. Schematic outlining the synthesis procedure for preparing epoxy-SiO2 (top)
and epoxy-TiO2 or epoxy-Al2O3 (bottom) nanocomposites.

using ultrasonication, and then added dropwise to the reaction mixture. The
reaction mixture was left stirring at 50 °C until all the excess 2-propanol was
removed. The nanocomposite resin was further mixed with the curing agent
and cast using the aforementioned procedures.

3.1.3.3 Synthesis of Al2O3

DGEBA and APTES were mixed in a PET beaker at 80 °C with a magnetic stirrer
for 1 h. The required mass of AIP was dissolved in anhydrous 2-propanol at 70
°C before being added dropwise to the epoxy mixture, followed by dropwise
addition of distilled water. The mixture was stirred overnight and the excess
2-propanol was removed, before being mixed with the curing agent and cast.
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3.1.4 Synthesis of ex situ epoxy-SiO2 nanocomposites
Purchased SiO2 nanoparticles (10-20 nm) were functionalized with APTES.
APTES was first added to 96 % ethanol with the pH reduced to 5 using acetic
acid. After hyrolysis of the APTES, the SiO2 nanoparticles were added and the
mixture was stirred overnight (15-18 h). This was followed by centrifugation
and washing with ethanol 3 times to retrieve the functionalized nanoparticles
from the mixture, which were then dried in a heating cabinet. For each gram
of SiO2, 1 mL of APTES was used. The functionalized nanoparticles were then
mixed with the required volume of POPDA. Small amounts of SiO2 (~0.1-0.2 g)
were added in steps, alternating between mechanical mixing with a machine
dispersing tool (produced by IKA) and an ultrasound probe for each step. After
all the SiO2 was added and dispersed in the POPDA, the mixture was added to
DGEBA, cast and cured as previously described.

3.2 Characterization

3.2.1 Morphology and dispersion of the nanoparticles
TEM and STEM images were recorded with a JEOL JEM 2100F, equipped with
an Oxford X-MAX 80 SDD detector for energy-dispersive X-ray spectroscopy
(EDS) analysis. An accelerating voltage of 200 kV was used. The samples were
prepared as 50-100 nm thick slices using an ultramicrotome and a diamond
knife. EDS element analysis was performed using the software Aztec.

The state of dispersion of the epoxy-SiO2 nanocomposites was characterized
using the free space length (L 5 ) of unfilled epoxy. TEM images were processed
on the software ImageJ 1.52a with a fast-Fourier transform (FFT) bandpass filter.
This processing reduced the noise in the TEM and STEM background images,
increasing the accuracy of the binary images prepared by thresholding. Between
2 and 4 images from different grid locations on the TEM samples were used for
each specimen in order to ensure reproducibility. The computation of L 5 was
performed on MATLAB using the algorithm and code provided by Khare and
Burris [187], and the computation was performed three times for each TEM
image. A starting estimate of 150 nm or 300 nm was used for L 5 , depending on
the size of the particle clusters in the sample.

3.2.2 Structural characterization
SAXS measurements were performed at the Department of Chemistry, Univer-
sity of Oslo, with a Bruker NanoSTAR instrument operating with a Cu micro-
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source at 50 kV and 600 µA, and a Våntec-2000 detector. Samples with 1 mm
thickness were used, and the measurements were performed over a scattering
vector (q) range of 0.009 - 0.3 Å−1. A glassy carbon standard was used for
the calibration of absolute intensity. Measurements were performed with an
acquisition time of 20 min. Background scattering from air was removed by
subtracting the scattering intensity of the empty sample cell. The SAXS data
was analyzed using the unified exponential/power-law model developed by
Beaucage [188]. The fits to the model were performed using SasView 5.0.1. The
unified model describes hierarchical systems with two or more structural levels
in scattering that are represented by [189]:
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Here,G andB are pre-factors to theGuinier (first exponential) andPorod (second
exponential) terms in Equation (3.1) respectively, n is the number of structural
levels, '6 is the radius of gyration, and P is the Porod exponent in the power-law
scattering regimes. The constant k in Equation (3.2) is not included in SasView.
G is defined as [190]:

� = #?(�4+?)2 (3.3)
where#? is the number of particles or polymer coils in the scattering volume, �4
is the electron-density difference between the particle and the matrix, and +? is
the particle volume. B is a pre-factor specific to the type of power-law scattering,
and is thus defined according to the regime in which P falls [190]. P reflects the
fractal dimension (D 5 ) of the structure, which may be a mass fractal structure (P
< 3), a surface fractal structure (3 < P < 4), or a structure with a smooth, sharp
surface (P = 4) [191].

The approximate size of inorganic structures or domains (d), assuming they are
spherical, can be calculated using [192]:

3 = 2

(√
5
3'

2
6

)
(3.4)

The correlation length (�) between the domains or clusters is related to the
maximum of the peak (@<0G) according to [15]:

� =
2�
@<0G

(3.5)
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Fourier transform infrared (FTIR) spectroscopy was performed using a Bruker
Vertex 80v spectrophotometer equippedwith a Bruker Platinumattenuated total
reflectance (ATR) diamond. Thirty two scans were recorded at a resolution of 1
cm−1. For the cured resins, samples of 0.5-1 mm thickness were pressed down
onto the ATR diamond. For the in situ measurements, a drop of the liquid
reactant mixture (after different time periods during the reaction) was placed
on the diamond.

Raman spectroscopywas performed using aWITec Alpha 300R instrument with
a monochromatic diode laser (� = 532 nm) at 10 mW power. Three accumula-
tions were measured for each sample, with each accumulation collected over an
integration time of 60 s. Measurementswere performed on the same transparent
discs that were used for the FTIR spectroscopy.

NMR spectraweremeasured at theDepartment ofMaterials and Environmental
Chemistry, StockholmUniversity, on aBrukerAvance-III spectrometer. 1H→29Si
cross-polarization magic-angle spinning (CPMAS) spectra were collected with
a magnetic field strength of 14.1 T (Larmor frequencies of 600.1 and 119.2 MHz
for 1H and 29Si, respectively) using 7.0 mm zirconia rotors at a MAS rate of 5.0
kHz. Acquisitions involved proton 90° excitation pulse of 4 µs and matched
spin-lock fields of E� = 60 kHz and E� = 40 kHz. Contact time of 5 ms was used
and SPINAL-64 proton decoupling at 60 kHz. Signal transients from 16384 to
28672 with 4 s relaxation delays were collected. The samples were ground down
using a metal file to form a fine powder for the experiment. The NMR peaks
were deconvoluted using Origin 2018b, and the degrees of condensation for Q
and T species, [( 8]& and [( 8]) respectively, were calculated using [21]:

[(8]& =
∑
8&8

4 (3.6)

[(8]) =
∑
8)8

3 (3.7)

Here, &8 and )8 are the fractions of Q8 and T8 structure units with i siloxane
bonds (Si-O-Si) attached to the central silicon.

3.2.3 Mechanical properties
Dynamic mechanical analysis (DMA) was performed on a TA DMA850 instru-
ment using a 3-point bending setup and 12 mm x 3 mm x 60 mm rectangular
samples. The samples were scanned from 30 to 200 °C at a ramp rate of 3
°C min−1 and in oscillation mode with a frequency of 1 Hz and an amplitude of
30 µm.
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The tensile mechanical properties were investigated using a Zwick Roell zwick-
iLine Type Z2.5 TN instrument with a laserXtens Compact extensometer. The
tensile tests were performed on dogbone shaped samples according to specifi-
cations from the ASTM D638-14 standard. The samples were first cast in a solid
block using stainless steel molds, and then cut into the dogbone shape using a
water jet. Themeasurements were performed at room temperature with a strain
rate of 0.01 mm/min and a pre-load of 2 kN, on 4-8 samples of each composition
tested.

3.2.4 Thermal analysis
Differential scanning calorimetry (DSC) was performed using a Netzsch DSC
214 Polyma instrument. The nanocomposite samples (5-10 mg) were heated and
cooled between 0 and 200 °C for four cycles in a nitrogen atmosphere (N2 gas
flow at 40 mL min−1). Heating and cooling rates of 10 °C min−1 were used, and
the coolingwas achievedwith liquid nitrogen. A sapphire crystalwas used,with
the same temperature program, as a standard for calculating the heat capacity
of the samples using the Polyma analysis software. The T6 was measured from
the temperature at the end of the increase in heat capacity.

Thermogravimetric analysis (TGA) of the nanocomposites was performed with
a Netzsch STA 449C. The samples were placed in an alumina crucible with a
synthetic air flow of 30 mL min−1. The samples were first heated to 120 °C
and held for 30 min, then heated further to 900 °C at 10 °C min−1. The same
temperature program was used for measuring the mass loss in functionalized
SiO2 particles.

3.2.5 Surface area of functionalized nanoparticles
Specific surface areas of functionalized and bare SiO2 nanoparticles were mea-
sured using the Brunauer-Emmett-Teller (BET) method [193] by nitrogen ad-
sorption on a Micrometrics Tristar 3000 at 77 K. The particles were degassed for
12 h at 120 °C in vacuum prior to themeasurements. Assuming non-porous and
spherical particles, the particle diameter (3��)) was calculated from the specific
surface area ((��)) and the particle density (�?) using [15]:

3��) =
6000
(��)�?

(3.8)
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3.2.6 Dielectric properties
Dielectric properties were measured from room temperature to 200 °C with a
Novocontrol Spectrometer in a BDS1200 sample cell. An Alpha Beta dielectric
analyzer was used. Measurements were performed between 10−2 and 106 Hz
on at least 3 samples for each composition. The preliminary cylindrical (30 mm
diameter and 3-15 mm thick) epoxy-SiO2 samples were first ground with SiC
paper (#800, #1200, and #2000 grade) to flatten the top and bottom surfaces,
before they were sputtered with gold electodes. These measurements were
conducted using an electric field of 0.1 V mm−1. Disc-shaped nanocomposite
samples (40 mm diameter, 1 mm thickness) that were subsequently prepared
were sputtered directly with gold electrodes, and only the edge of the disc was
ground with #1200 grade SiC paper to prevent direct electrical contact between
the top and bottom electrode. These samples were measured using an electric
field of 1 V mm−1.

3.2.7 Resistance to electrical treeing
Electrical treeing measurements were performed using the electrical circuit
shown in Figure 3.2a and c. A 50 Hz AC variable voltage supply was connected
with a high voltage transformer to reach voltages up to 25 kV. Samples with a
needle-plane configuration (Figure 3.2b) were prepared by casting in stainless
steel moldswith a brass bar at the bottom for connection to the ground electrode
plate. The gap between the needle (connected to the high voltage electrode) and
the ground electrode was 2 mm (± 0.3 mm). For each of the different types
of nanocomposites, 10-12 samples were tested. Figure 3.2c shows the setup on
the high voltage side inside a Faraday cage. Figure 3.2d shows the connection
of the sample to the high voltage and ground electrodes in the sample cell.
The samples were immersed in transformer oil (Midel 7131) to prevent surface
flashovers.

Partial discharges (PD) during the tree growth were detected using a capacitive
sensor consisting of a coupling capacitor and anOmicron system. The threshold
for PD detection was set at 350 fC. The tests were performed by increasing the
voltage in steps of 2.5 kV, starting from 5 kV and up to 25 kV, with a step duration
of 10 min, to initiate the electrical tree. If the tree was not initiated within 25 kV,
the voltage was kept at 25 kV for up to two hours. Once the tree was initiated
the voltage was reduced to 10 kV immediately and the PD measurements were
started. Imagesof the tree to follow thegrowthwere takenusing theCCDcamera
at intervals of 1 min throughout the duration of the growth. The experiment
was stopped when the tree was close to or reached the ground electrode.
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Figure 3.2. (a) Circuit diagram of the electrical treeing setup, showing the components
on the low voltage (LV) and high voltage (HV) sides. (b) Illustration of a typical sample
used for treeingmeasurements. (c) Image of the setup showing thedifferent components
on the HV side inside a Faraday cage. (d) A closer image of the sample inside a sample
cell, submerged in oil and connected to the HV and ground electrodes.

Electrical treeing experiments were performed on selected samples with dif-
ferent compositions of 5 wt% inorganic oxide filler, prepared using different
synthesis conditions. Optical images of the trees after they were grown were
recorded with a Keyence digital microscope. The box-counting method us-
ing the FracLac v2.5 plug-in on ImageJ 1.52a was used to estimate the fractal
dimension of the trees from the CCD images.

3.2.8 Dielectric breakdown
The AC dielectric breakdown strength of pure epoxy was measured using dif-
ferent modifications of the experimental setup, due to challenges in obtaining
accurate measurements. Table 3.3 summarizes the differences in each setup for
measurements of the breakdown strength in pure epoxy. The samples were
tested in the different setups, with 3-5 samples in each setup. The general setup

66



3.2 Characterization

for the measurements is shown in Figure 3.3a, where the test cell is submerged
in transformer oil (Midel 7131). In SetupNo. 1, the samples (10 cmdiameter and
0.5 mm thick discs) were placed between two cylindrical brass electrodes which
were encased in epoxy (Figure 3.3b). The epoxy encasementwas used to prevent
othermaterials (e.g. impurities, transformer oil) from coming close to the region
with high electrical field. The diameters of the flat exposed surfaces of the elec-
trodes were 2 cm, and the edges of the electrodes were curved according to the
Rogowski profile [194] to obtain a uniform electrical field through the test area.
A 25 kg weight was placed on top of the high voltage electrode to ensure good
contact between the electrodes and the sample. The voltage was increased using
the step-up procedure specified by the the ASTMD149-97a standard. Steps of 5
kV with a step duration of 2 min were used, starting from 10 kV.

Table 3.3. Variations in the experimental setup for the dielectric breakdown
strength measurements.

Setup Thickness Pressurized N2 in Electrodes
No. [mm] oil curing

1 0.5 No No Epoxy encasing.
2 0.5 No No No epoxy encasing.

Larger ground electrode.
3 0.5 Yes No No epoxy encasing.

Larger ground electrode.
4 ~0.25-0.3 Yes Yes Noepoxyencasing. Same

shape/size for HV and
ground electrodes.

The next set ofmeasurements (SetupNo. 2)was performedwith the same setup,
but removing the epoxy casings on the brass electrodes. A schematic of the bare
high voltage electrode is shown in Figure 3.3c. In addition, the diameter of the
flat surface of the ground electrodewas increased to 6.65 cm to provide sufficient
support for the sample placed on top of it.
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Figure 3.3. (a) Circuit diagram and experimental setup for the dielectric breakdown
strength measurements. (b) The brass electrodes encased in epoxy used in Setup No. 1.
(c) The profile of the electrode (without the epoxy casing).

Afterwards, in Setup No. 3 the measurements were performed using pressur-
ized oil. The test cell was moved into a pressure vessel filled with transformer
oil, and the oil was pressurized to aminimum of 20 bar and stabilized overnight.
The final set of measurements (Setup No. 4) were performed using the pressur-
ized oil, and with both the ground and high voltage electrodes having the same
profile. The sample thickness was decreased to ~0.25-0.3 mm, and the samples
were cured under N2 pressurization.
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3.3 Molecular dynamics simulations

3.3.1 Building the model for epoxy and the curing agent
The structural models for the DGEBA and POPDA molecules, shown in Fig-
ure 3.4a and b, were built using the OPLS-AA force field [195] using geometries
obtained from LigParGen [196–198]. The data files obtained from LigParGen
include information on the atom properties (number and types of atoms, atom
positions, charges, and velocities), molecular topology (number and types of
bonds, angles, dihedrals, and improper dihedrals), and force field parameters
(coefficients for the each type of atom, bond, angle, dihedral, and improper
dihedral). Angles refer to the angle between two bonds forming between three
molecules, and dihedrals refer to the angle between two planes forming between
four molecules. Improper dihedrals are those that form when a central atom is
bonded to three atoms (e.g. sp2 carbon). LigParGen assigns charges by fitting
parameters to each atom independently, resulting in the same atoms at differ-
ent ends of the molecules having different charges. The charges were therefore
adjusted slightly (by 5 % at most) to keep them equal in the same atoms in sym-
metric molecules. In addition, since several molecules would be reacted to form
cross-links in the system, the total charge of each molecule must be neutral.

(a) (b)

(c) (d)

N H O C Si

Figure 3.4. Constructed models of the different molecules used in the MD simulations:
(a) DGEBA; (b) POPDA with x = 2; (c) SiO2 nanoparticle; (d) SiO2 molecular units.
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POPDAmolecules (H2N−[CH(CH3)H2O]x−C2H5NH2) were prepared with two
different chain lengths (x = 2 and x = 3) that were used in a 1:1 ratio to obtain a
mixture that most closely resembled the POPDA used in the experiments (with
"F = ~230 g mol−1). The Lennard-Jones potential cut-off was set at 10 Å, and
long range electrostatics was handled using particle-particle and particle-mesh
(pppm) with an accuracy of 10−5 [199]. The simulations were carried out on the
software LAMMPS [199], with a timestep of 1 fs unless specified otherwise.

3.3.2 Equilibration and cross-linking of the epoxy
A stoichiometric mixture of the DGEBA an POPDA molecules were mixed and
relaxed in the simulation initially, using the canonical ensemble (NVT) with a
Nose-Hoover thermostat set at 300 K for 0.3 ns. After relaxation, the box was
compressed using the isothermal-isobaric ensemble (NPT) with 10 atm pressure
over 1 ns. After compression, the structures were relaxed again using the NVT
ensemble until the average pressure fluctuated around 1 atm and the density
of the system stabilized above 1 g cm−3. The box contained ~1300 molecules
(~59600 atoms), with a box size of ~85 Å.

The cross-linking between the DGEBA and the POPDA was then performed
using a Python script. Figures 3.5 and 3.6 show how the two cross-linking
reactions are performed, and the algorithm used for performing the reactions.
The parts of the DGEBA and POPDAmolecules that are involved in the reaction
are shown, and each atom, bond, angle, dihedral, and improper dihedral in these
parts were assigned unique identifiers. A cut-off distance of 5 Å was set for the
cross-linking reaction. Terminal carbon atoms in epoxide groups in DGEBA and
nitrogen atoms in amine groups in POPDA were given specific atom types (1
and 2 in Figure 3.5, respectively). If the distance between a carbon atom of type
1 and a nitrogen atom of type 2 was within the cut-off distance, then the first
reaction took place. The atom types of the reacting carbon and nitrogen atoms
were changed (to 4 and 3, respectively, in Figure 3.5), and specific bonds were
removed and new bonds were introduced to form the cross-linked molecules.
This also means that certain angles and dihedrals were no longer present, but
an additional number of new angles and dihedrals formed. In addition, the
hydrogen atom on the amine group was now bonded with the oxygen in the
epoxide group, thus the atom type for both hydrogen and oxygen atoms changed
(from 6 to 7 and 8 to 9, respectively, in Figure 3.5). The charges of the atoms
involved in the reaction were also adjusted so that the total charge of the new
reacted molecule was neutral.
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Figure 3.6. Schematic showing the algorithm used by the Python script for the cross-
linking reactions during the curing of the epoxy system in the MD simulations.

If no more atoms were present within the cut-off distance that could participate
in the first reaction, then the Python script identified unreacted terminal carbons
(atom type 1) that were close to nitrogen atoms that have already reacted once
(atom type 3). If the distance between themwaswithin the cut-off limit, then the
second reaction was performed similarly to the first, resulting in a fully reacted
nitrogen atom (atom type 5 in Figure 3.5).

Once all the reactive groups available that were within the cut-off distance for
the reaction were identified and the cross-links were formed, a short NVT run
was performed to move and mix the molecules further, and the entire cross-
linking procedure was performed again. This was repeated until the targeted
cross-linking degree was reached. Two pure epoxy systems with ~60 % and ~90
% cross-linking were investigated.
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3.3.3 Incorporation of SiO2 into the epoxy
Two approaches were used to introduce SiO2 into the simulations. In both
models, 12-6 Lennard-Jones (LJ) potentials, Coulomb potentials, and harmonic
bonds and angles were used [200]. In the first model (Model I), ~640000 simple
SiO2 molecular units, as shown in Figure 3.4c, were compressed at 10 atm
and 300 K in the NPT ensemble over 1 ns. The box was annealed at 500 K
in the NVT ensemble over 1 ns, and then relaxed to ambient temperature. A
custom program was then used to cut out a "nanoparticle" with defined size
(Figure 3.4d), and hydroxyl groups (-OH) were added to the surface. The
program was further used to form reactions between neighbouring SiO2 units
to form 3 and 4 coordinated Si centers. After the reaction, the nanoparticle
was relaxed under 300 K in the NVT ensemble over 0.3 ns. A simulation box
containing ~1300 molecules of stoichiometrically mixed DGEBA and POPDA
wasmergedwith the nanoparticle, whichwas placed centrally. The overlapping
DGEBA an POPDA molecules were deleted, and the box was compressed and
cross-linked as described earlier. The nanoparticles with sizes of 1, 2 and 3 nm
correspond to the equivalent of 1, 5 and 15 wt% filler content.

In the second model (Model II), the simple SiO2 units were used without any
bonds forming between them, or any "particle" shape. The molecules were
introduced into the simulation box in amounts corresponding to 1, 3, and 5
wt% alongside the DGEBA and POPDA molecules (~1300 in total). The box
was mixed at 300 K in the NVT ensemble over 0.3 ns. The compression and
cross-linking were performed afterwards, as described above. A cross-linking
degree of ~80 % was reached in the nanocomposites.

3.3.4 Simulation of properties
3.3.4.1 The glass transition temperature

Theglass transitions of the simulated epoxy andnanocompositesweremeasured
from the change in density with temperature. An NVT ensemble was run over
0.3 ns at selected temperatures between 250 and 500 K. The initial 100 000
steps in each run were used to stabilize the temperature. The glass transition
temperaturewas estimated from the plot of density as a function of temperature.
The intersection of the slopes of the density far below and above the glass
transition region was used as a measure of the glass transition temperature.

73



Chapter 3 Methods and experimental details

3.3.4.2 Elastic modulus

Tensile stretching simulations were performed by deforming the unit cell along
the x-axis in an NPT ensemble at 300 K. A rate of 10−5 ps−1 was used for the
deformation over 0.1 ns, and the pressure along the y and z-axeswas set to 0. The
simulations were repeated 15 times using different starting geometries for the
unit cell, which were prepared with unique velocity seeds in a high temperature
NVT run over 0.1 ns. The Mooney-Rivlin derived stress-strain relation [201],
Equation (3.9), was used to generate a stress-strain curve for the measured data
points. In Equation (3.9), � is the stress, & is the strain, and 01-05 are fitting
parameters. The elastic moduli were measured from this stress-strain curve
using the elastic region up to 1 % strain.

� =

(
01 +

02

03(1 + &) + 04√
1+& + 05

) (
1 + & − 1

(1 + &)2

)
(3.9)

3.3.4.3 Thermal conductivity

Thermal conductivities were calculated at 300 K and 1 atm with the On-the-fly
Calculation of Transport Properties (OCTP) plug-in for LAMMPS [202]. The
mean square displacements of the total energy current (heat flux) were plotted
against simulation time. The thermal conductivities were calculated using the
Einstein relation in:

�) = lim
C→∞

1
2C

+

:�)2 〈
(∫ C

0
�(C′)3C′

)2

〉 (3.10)

Here, :� is the Boltzmann constant, T is the temperature, and � is the heat flux.

3.3.4.4 Radial distribution functions

Radial distribution functions (RDFs) were calculated for selected atom types
using theOCTPplug-in for LAMMPS. Thismethodwas selected due to allowing
for computation of RDFs beyond the LJ cut-off value (10 Å), as well as a built-in
correction for finite size-effects in the plug-in [202]. The asymptotic behaviour
of the RDF in a finite-sized system goes to a limit which is not one, which can be
corrected empirically by accounting for the correct bulk density of atoms [203].
The calculations were performed in a microcanonical ensemble (NVE) for 1 ns
at 300 K and 1 atm. The corrected RDFs was calculated using:

62>AA42C4389 (A) = 68 9(A)
#9

(
1 − 4�A3

3+

)
#9

(
1 − 4�A3

3+

)
− Δ#8 9(A) − �8 9

(3.11)
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Here, #9 is the number of particles of type j in the system, V is the system
volume, Δ#8 9(A) is the excess number of particles of type j within a sphere of
radius r around particle type i, and �8 9 is the Kronecker delta [203]. Coordination
numbers (n(r’)) at distance r’ were calculated using:

=(A′) = 4��
∫ A′

0
6(A)A23A (3.12)

Here � is the average density of the system.
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4 Epoxy-SiO2 nanocomposites

In this chapter, the varyingmorphologies and structures of the SiO2 synthesized
in situunderdifferent conditions arepresented. The resultingdielectric, thermal,
and mechanical properties of the nanocomposites are then reported, and the
changes in the properties with various factors are discussed. A brief comparison
with ex-situ nanocomposites is shown, followed by the results of the molecular
dynamics simulations of epoxy-SiO2 nanocomposites.

4.1 Structure and morphology of the in-situ synthe-
sized SiO2

4.1.1 The state of dispersion of the nanoparticles
The effects of the synthesis conditions, including the choice and amount of
coupling agent, on the state of dispersion of the nanoparticles can be observed
in the TEM images of the nanocomposites shown in Figure 4.1. The SiO2 func-
tionalized with APTES formed a significantly more homogeneous dispersion of
nanoparticles. The particles are, however, not discrete in shape, but arranged
in irregularly shaped clusters. Figure 4.1a and b show how the dispersion
of the SiO2 changes when the SiO2 content is reduced (at pH 2, and with an
APTES:DGEBA mass ratio of 1:10). At 2 wt% SiO2, the clusters become difficult
to discern in the TEM, but aremore easily identified in the STEM images (shown
in inset).

Increasing the pH to 7 during the synthesis in nanocomposites prepared with
APTES did not lead to a significant change in the state of dispersion of the
SiO2 (Figure 4.1c). Increasing the pH further to 11, however, did result in
the presence of a few larger clusters or agglomerates, such as those shown in
Figure 4.1d. The most significant change to the state of dispersion resulted from
a decrease in the amount of APTES, both at pH 7 and pH 11. Figure 4.1e exhibits
epoxy with 5 wt% SiO2 prepared at pH 11 with an APTES:DGEBA mass ratio
of 1:30. The clusters are less frequent and spaced further apart, but are also
significantly larger compared to those prepared with an APTES:DGEBA mass
ratio of 1:10. Figure 4.1f shows the significant change in the particlemorphology
when GPTMS is used instead of APTES under the same conditions (5 wt% SiO2,
pH 2, GPTMS:DGEBA mass ratio of 1:10). Large agglomerates exceeding 1 µm
were formed, and these were not homogeneously dispersed.
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250 nm

(a) (b)
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Figure 4.1. Bright field TEM images of SiO2 nanoparticles synthesized in situ in epoxy:
(a) 5 wt% and (b) 2 wt%, at pH 2 and APTES:DGEBA mass ratio of 1:10; 5 wt% with
APTES:DGEBA mass ratio of 1:10 at (c) pH 7, and (d) pH 11; (e) 5 wt% in pH 11 with
APTES:DGEBA mass ratio of 1:30; (f) 5 wt% at pH 2 and GPTMS:DGEBA mass ratio
of 1:10. The insets in (a) and (b) show dark field STEM images from the same samples
where the nanoparticle clusters are more easily visible. The red arrows in (d) point to
the larger agglomerates that have formed.

A significant difference is observed in the nanocomposites prepared without
any surface functionalization. Figure 4.2 shows TEM images of the various
particle morphologies of the SiO2 formedwithout any SCA (APTES or GPTMS).
Most of the SiO2 formed micron-sized agglomerates consisting of large (> 250
nm) non-spherical particles. However, some regions were found with clusters
of closely spaced, monodisperse (70-80 nm) completely spherical nanoparticles,
while in other regions elongated flakes were present.

4.1.1.1 Quantifying the state of dispersion

A quantitative characterization of the state of dispersion of the nanoparticles,
and not a simple qualitative evaluation of the TEM images, is useful for com-
paring the effects of various parameters (e.g. cluster sizes, filler content, size of
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1 μm

(a) (b) (c) (d)

1 μm 500 nm 500 nm

Figure 4.2. Bright field TEM (a,b) and dark field STEM (c,d) images of various SiO2
morphologies formed in the nanocomposites without SCA (5 wt% SiO2 content), ex-
hibiting both spherical sub-100 nm particles, as well as largemicron-sized agglomerates
and elongated flakes.

unreinforced polymer, etc.) on the properties of the nanocomposites. In this
work, the free space length of unfilled polymer regions (L 5 ) and the average size
of the clusters were used to evaluate the state of dispersion in the epoxy-SiO2
nanocomposites prepared with APTES. Figure 4.3 shows the changes in these
parameters with pH in nanocomposites with 2 and 5 wt% SiO2.

L 5 increased with increases in both pH and the filler content, indicating larger
regions of unfilled polymer. The dispersion of SiO2 was significantly more
homogeneous at lower filler content (2 wt%), as shown by the miniscule varia-
tion in the calculated values of L 5 in Figure 4.3a. L 5 increased significantly in
nanocomposites when the amount of the coupling agent (APTES) was reduced
(over 200 nm at pH 11 and over 120 nm at pH 7, instead of between 80 and 120
nm). The increased spacing between the particle clusters seen in Figure 4.1e was
reflected in the substantial increase in L 5 .

Changes in the average cluster size were similar to those observed for L 5 . At a
higher filler content (5 wt%) the particle clusters were generally between 20 and
60 nm at all pH, whereas at lower filler content (2 wt%) they were between 10
and 20 nm at pH 2, and between 20 and 60 nm at pH 11. At pH 2 and pH 7, the
largest clusters did not exceed 80-100 nm. However, at pH 11 and a filler content
of 5 wt%, agglomerates above 100 nm were more frequent, typically between
120 and 150 nm (shown in Figure 4.3b), in addition to the smaller clusters. Upon
reduction of the amount of APTES at pH 11, only large agglomerates, usually
between 100 and 120 nm, were observed. Such agglomerates were not present
however at pH 7, even with a reduction in the amount of APTES.
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Figure 4.3. Evaluation of the state of dispersion with variations in pH, filler content and
amount of SCA (shown in parentheses as mass ratio of APTES:DGEBA). Changes in (a)
L 5 , and (b) average cluster size are shown for nanocomposites with 2 and 5 wt% SiO2.
L 5 for 2 wt% SiO2 at pH 7 could not be calculated due to poor TEM image quality.

4.1.2 The organization of the SiO2 clusters
The SAXS scattering profiles of pure epoxy and the nanocomposites prepared
under different pH conditions are shown in Figure 4.4a-c. The scattering of pure
epoxy did not show any significant features apart from a peak emerging at a
scattering vector (q) above the measured range. In all the nanocomposites the
scattering is increased significantly, although the scattering intensity does not
necessarily correlatewith the SiO2 content. Broad features referred to as Guinier
knees, marked by blue arrows in Figure 4.4, are present in the nanocomposites
initially between 0.02 and 0.1 Å−1 at low SiO2 content. At higher SiO2 content,
two such features are observed instead, one generally between 0.01 and 0.03
Å−1 with a higher intensity, and another between 0.07 and 0.24 Å−1 with a
lower intensity. The two "knees-like" features are separated by a linear region
of scattering known as a Porod slope, marked by red arrows in Figure 4.4. The
emergence of these features is quite consistent across samples prepared under
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different pH conditions, although at pH 11 the feature at high q is only present
in composites with 5wt% SiO2. Additionally, for the nanocomposite with 5wt%
SiO2 prepared at pH 11 with a reduced amount of APTES, the Guinier knee at
high q is absent. Each Guinier knee and the slope of the Porod scattering is
a combined scattering feature resulting from the size and organization of the
SiO2 clusters. The Porod slope is equivalent to the fractal dimension (D), which
describes the power-law dependence of the scattering intensity and indicates
whether the scattering is caused by a structure with mass or surface fractals.

The position of the knee can provide an estimate for the size of the inorganic
domains responsible for the scattering. The presence of multiple features at dif-
ferent q indicates that the SiO2 nanoparticles are forming a hierarchical structure,
where the domains or clusters at each structural level consists of the domains
formed in the previous structural level. The unified exponential/power-law
model [188,189] was therefore used to describe the structural organization. The
scattering data was fitted to the model, which describes each structural level
in terms of Guinier’s law and a structurally limited power law for the knee-
like and the linear Porod regions, respectively (Equation (3.1)). The fits were
performed with two structural levels where applicable (nanocomposites with
larger amounts of SiO2 exhibiting two knee-like features). In the case of nano-
composites with only one large feature instead of two (usually at lower filler
contents), the unifiedmodel was found to be unsuitable, and individual Guinier
and power-lawmodels were used over smaller q intervals. The fits are shown in
Figure 4.4d-f, and the structural parameters obtained from the fits are shown in
Table 4.1.

Table 4.1 shows that the SiO2 structures formed in the nanocomposites tend to
initially formmass fractal structures (with 1.4 <D< 2.2)with sizes between 7 and
15 nm. Upon increasing the SiO2 content, these structures can cluster together
to form larger structures (between 20 and 45 nm) that make up the secondary
structural level. These structures, however, exhibit a higher fractal dimension
(with 2.1 <D< 3.8), indicating the formation of structureswith surface fractals in
addition (for thosewith 3 <D< 4). For the secondary structural level,D increases
with the filler content in all the nanocomposites, and at 5 wt% SiO2 D is above 3,
regardless of the synthesis conditions. The pre-factors G and B showed similar
trends in the nanocomposites prepared at different pH. Generally, G showed
little change for the first structural level, and increased significantly from 2 or 3
to 5 wt% in the second structural level. B was relatively unchanged with filler
content at the first structural level, but decreasedwith filler content in the second
structural level.
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4.1 Structure and morphology of the in-situ synthesized SiO2

Table 4.1. Structural parameters, including the fractal dimensions (D), the radii of
gyration (R6), theGuinier pre-factor (G), and the power-lawpre-factorB, of the inorganic
structures in the epoxy-SiO2 nanocomposites at each structural level, obtained from
fitting of the SAXS scattering data to either the unified exponential/power law model,
or to individual Guinier and power-law models. D corresponds to P in Equation (3.1).
The sizes of the inorganic domains (d) was calculated using Equation (3.4).

pH Filler content Level D a R6
a d G B

[wt%] [nm] [nm] [cm−1] [cm−1]

2

1 b 1 1.98 4.2 10.9 - -

2 b 1 1.75 - - - -
2 2.16 8.5 22.0 - -

3 1 1.46 3.8 9.7 0.25 1 × 10−3

2 2.5 13.1 33.7 2 5 × 10−5

5 1 1.98 2.9 7.4 0.25 1 × 10−3

2 3.2 16.4 42.4 45 3 × 10−5

7

1 b 1 1.88 4.1 10.5 - -

2 1 1.42 3.4 8.6 0.27 5 × 10−4

2 1.91 11.0 28.5 7.1 1 × 10−3

3 1 1.57 3.7 9.6 0.25 1 × 10−3

2 2.59 12.9 33.3 5 6 × 10−5

5 1 2.17 2.8 7.2 0.24 1 × 10−3

2 3.17 16.3 42.0 45 3 × 10−5

11

1 b 1 1.80 5.3 13.7 - -

2 b 1 1.86 8.3 21.4 - -

5 1 2.13 3.1 8.1 0.25 1 × 10−3

2 3.24 13.9 35.8 45 3 × 10−5

5 bc 1 1.37 - - - -
2 3.71 12.5 32.2 - -

a The error in the calculated values from the fits is ± 0.05 for both D and R6 .
b Thesewere fit to individualGuinier andPower-lawmodels instead of the unified
exponential/power law model.

c Sample prepared with an APTES:DGEBA mass ratio of 1:30 (instead of 1:10,
which is the case for the other samples in this table).
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Chapter 4 Epoxy-SiO2 nanocomposites

4.1.3 Bonding in the in-situ nanocomposites
The progress of the silanization of the epoxy by the SCA and the sol-gel reactions
of TEOS was followed by FTIR spectroscopy. Figure 4.5 shows the FTIR spectra
of the reaction mixture recorded after the addition of APTES and TEOS, as well
as 5 and 18 h after the addition of H2O to the reaction mixture.
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Figure 4.5. FTIR spectra during the in-situ sol-gel reaction. (a) and (b) show the spectra
from the mixture at various times of the reaction. (c) shows a magnified part of the
spectra after the hydrolysis and condensation reactions are complete, highlighting the
important IR bands from the different groups present. The spectra were taken in situ
during the preparation of an epoxy-SiO2 nanocomposite with 5 wt% SiO2 at pH 2 and
APTES:DGEBA mass ratio of 1:10, and normalized to the band at 1509 cm−1.

The silanization of the DGEBA chains by the opening of the epoxide rings by the
amine groups (-NH2) in APTES (in a reaction similar to that shown in Figure 2.2)
is observed from the decrease in the band at 915 cm−1. This band is assigned to
the C-O-C group in the epoxide ring [204]. The red lines in Figure 4.5a indicate
this decrease relative to the signal at 1036 cm−1, which is assigned to the C-
O-C aromatic ether group in the DGEBA chains [204] that remains unchanged
through the sol-gel reactions. The addition of APTES resulted in the bands
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4.1 Structure and morphology of the in-situ synthesized SiO2

between 940 and 970 cm−1, and the double bands between 1050 and 1150 cm−1

from the Si-O-C bonds in the alkoxide. As the reaction between APTES and
DGEBA proceeded, the double bands became weaker due to hydrolysis of the
alkoxide groups. Upon addition of TEOS, the bands assigned to the alkoxide
increased in intensity again, due to the larger volume of TEOS being used
compared to APTES. As the hydrolysis of TEOS proceeded, both an increase
in the O-H band (at 3200-3400 cm−1 as seen in Figure 4.5b) and a decrease
in the double bands at 1050-1150 cm−1 were observed (Figure 4.5a, after 5 h
of reaction). However, after the reaction had proceeded overnight, the band
between 1050 and 1150 cm−1 showed an increase again, due to the formation of
Si-O-Si groups from the condensation reactions once hydrolysis was completed.
The Si-O-Si groups give several strong overlapping bands in the region 1000-
1300 cm−1 (highlighted in Figure 4.5c), depending on how long or branched the
siloxane chains are [205,206]. Additionally, the O-Si-O rocking band is observed
to emerge at 450 cm−1.

Figure 4.6a shows the FTIR spectra of cured pure epoxy and nanocomposite
samples, normalized for the band at 1509 cm−1 (not shown in the figure). Both
the pure epoxy and the nanocomposites exhibit a double band between 1050
and 1150 cm−1. The bands in the spectrum of the epoxy-SiO2 nanocomposite
are at 1076 and 1098 cm−1 and are broader, whereas the bands in pure epoxy are
at 1083 and 1101 and are sharper. The bands in pure epoxy can be attributed to
stretching vibrations in the C-O bond present in the curing agent [207]. There is,
therefore, a considerable overlap between these bands and the Si-O-Si or Si-O-C
bands in the cured nanocomposites. Additionally, the presence of the O-Si-O
rocking band at 450 cm−1 is more evident, compared to that in Figure 4.5. The
sharp band from the epoxide ring (915 cm−1) shows a significantly decreased
intensity, which, in addition to the broad O-H band at 3300-3600 cm−1, indicates
that most of the epoxy chains have been cross-linked in the curing process.

In the Raman spectra shown in Figure 4.6b, differences are observed for pure
epoxy and the nanocomposites (prepared at pH 2) between 450 and 520 cm−1.
The nanocomposites presented either a sharp band at 483 cm−1 or a broad band
between 470 and 510 cm−1. The former is referred to as the D∗1 band, whereas
the broad band observed for the nanocomposites with a higher SiO2 content
appears to consist of an overlap of the D∗1 band and another band (referred to
as D1) at 493 cm−1. Both the D∗1 and D1 bands are due to the formation of four-
membered ring or cage structures consisting of Si-O links [208,209]. For smaller
amounts of SiO2 or nanocomposites prepared under different pH conditions,
these bands were absent. No other differences between the pure epoxy and the
nanocomposites were observed in the rest of the measured spectra.
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Figure 4.6. (a) FTIR spectra of cured pure epoxy and epoxy-SiO2 nanocomposite (5 wt%
SiO2, pH 7, APTES:DGEBAmass ratio of 1:10), showing IR bands in the ranges 400-1200
cm−1 and 2500-4000 cm−1. (b) Raman spectra of cured pure epoxy and epoxy-SiO2
nanocomposites (pH 2, APTES:DGEBA mass ratio of 1:10), showing the Raman shifts
for four-membered SiO rings (D1 and D∗1).

29Si NMR was used to determine the degree of condensation within the Si-O-Si
network. The NMR spectra of the nanocomposites prepared under different
conditions are shown in Figure 4.7. For the epoxy-SiO2 nanocomposites pre-
pared with APTES (Figure 4.7a), the spectra were similar regardless of the pH
used. The chemical shifts between -40 and -80 ppm correspond to TG signals (0
≤ x ≤ 3), where x represents the number of −C2H5 or -OH groups on hydro-
lysed APTES that have been replaced by an -O-Si bond via condensation. The
shifts between -80 and -120 ppm correspond to QH signals (0 ≤ y ≤ 4), where
y represents the number of −C2H5 or -OH groups on hydrolysed TEOS that
have undergone condensation [210]. The NMR spectra of the nanocomposites
prepared with GPTMS (Figure 4.7b), however, are slightly different.
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Figure 4.7. 29Si NMR (CP-MAS) spectra of epoxy-SiO2 nanocomposites with 5wt% SiO2
prepared with (a) APTES at pH 2, 7, and 11, and (b) with APTES and GPTMS at pH
2. (c) and (d) show the deconvoluted shifts from the spectra for the nanocomposites
prepared with APTES and GPTMS, respectively, at pH 2. The chemical shifts are with
respect to TMS.

Figure 4.7c and d show the deconvolution of the various chemical shifts into
the individual TG and QH signals in nanocomposites prepared with APTES and
GPTMS, respectively. The T0 peak was most prominent in all the spectra of
the samples prepared with APTES, alongside much weaker T1 and T3 features.
However, in the samples prepared with GPTMS, the T3 peak was higher than
T0, which had a lower intensity than for the nanocomposites with APTES. Ad-
ditionally, a T2 peak was observed as a shoulder to the T3. Another difference
between the nanocomposites with APTES andwith GPTMSwas the strength (or
intensity) of the QH peaks. These were more prominent in the nanocomposites
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with APTES than in those with GPTMS. However, the nanocomposites with
APTES exhibited all five types of QH peaks, whereas the nanocomposites with
GPTMS did not present the Q0 or Q2 peaks. The degrees of condensation [(8]&
and [(8]) were calculated to be 0.77 and 0.17, respectively, for the nanocompo-
sites prepared with APTES, and 0.77 and 0.59, respectively, for those prepared
with GPTMS. Changes in the pH were not observed to affect the degree of
condensation in the samples prepared with APTES.

4.1.4 Discussion
4.1.4.1 Effect of the SCA on the synthesis pathway andmorphology of the SiO2

As seen in Figure 4.2, the use of a coupling agent is necessary for ensuring
sufficient dispersion of the in-situ synthesized SiO2 with a consistent particle
morphology. The use of APTES resulted in a homogeneous dispersion of the
SiO2 prepared in situ in the epoxy, as seen in Figure 4.1a-e. However, despite
several previous works in literature employing GPTMS to successfully function-
alize and disperse pre-synthesized nanoparticles using an ex-situ approach, the
use of GPTMS in the in-situ synthesiswas not as equally successful, as evidenced
in Figure 4.1f. This difference in the state of dispersionmay be due to differences
in how the APTES and GPTMS interact with the epoxy and the TEOS during the
synthesis, shown schematically in Figure 4.8. APTES contains an amine (−NH2)
group at one end of the molecule which can directly form a cross-link with the
epoxide (C-O-C) groups of two DGEBAmolecules, similarly to the curing agent.
GPTMS, however, has another epoxide group instead, and therefore cannot form
a bond with other DGEBA molecules until the curing agent is added.

Hoebbel et al. [211] previously reported that the chemical shift for the T0 signal
in 29Si NMR ismore negative for fewer -OH (andmore -OC2H5) groups attached
to Si. Figure 4.7 shows that the T0 signal in APTES is observed at a chemical
shift of -45 ppm instead of the expected -40 to -43 ppm [167, 211], therefore
indicating that some of the APTES is not completely hydrolysed. The FTIR
spectrum (Figure 4.6a) confirms the presence of -OC2H5 groups attached to Si
in the APTES, verifying the lack of complete hydrolysis. Additionally, the lower
degree of condensation of the T shifts in APTES (0.17) compared to the GPTMS
(0.59) indicates that self-condensation might occur within GPTMS. This self-
condensation would prevent the GPTMS from successfully functionalizing the
synthesized SiO2.
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Since the Si in GPTMS is bonded to 3 -OCH3 groups (instead of the -OC2H5
groups in APTES or TEOS), the GPTMS can also be hydrolysed faster than
TEOS [14], and can begin condensing earlier. The GPTMS is added quite early
in the synthesis but is not anchored to the DGEBA until the final stages of
the nanocomposite synthesis when the curing agent is added. Hence, the
self-condensation results in the large agglomerates observed that are not too
dissimilar from when no SCA is used.

On the other hand, all of the nanocomposites prepared with APTES result in
SiO2 exhibiting similar morphologies and structures visually (as seen in Fig-
ure 4.1). This may be explained by the ability of APTES to immediately react
with the DGEBA chains, providing multiple possible condensation sites for the
hydrolysed TEOS, which the GPTMS is unable to do. Therefore, TEOS can begin
condensing at different points, resulting in a more homogeneous morphology
with smaller SiO2 structures or clusters. The quantitative analysis (Figure 4.3)
reveals how reduced amounts of APTES noticeably affects the state of dispersion
of the SiO2, with increases in both the size of the clusters, the frequency and
size of larger agglomerates, and the free space length. Figure 4.9 highlights the
difference in L 5 in the nanocomposites when the amount of APTES is reduced
at both pH 7 and 11. With fewer APTES molecules, there are fewer anchor sites
for the condensation of TEOS with a direct chemical link to the DGEBA chains,
resulting in larger SiO2 structures that are positioned further from one another.

4.1.4.2 Structure and dispersion of the SiO2

Several studies have reported the formation of fractal structures of SiO2 in in-
situ epoxy nanocomposites, with SAXS profiles similar to those observed in this
work. Donato et al. [91] reported both mass and surface fractals in SiO2 depend-
ing on the selection of ionic liquid for surface modifications. Perchacz et al. [18]
showed SAXS profiles similar to those observed for the low SiO2 content nano-
composites prepared in this work, featuring a Guinier knee between 0.01 and 0.1
Å−1 with D~2, when an amine-based catalyst was used. Ponyrko et al. [21] also
reported similar SAXS profiles with a single knee-like feature, but with more
compact structures instead and a higher mass fractal dimension, depending on
whether an aqueous or non-aqueous synthesis was used. However, none of
these materials exhibited the formation of multiple structural levels (within the
measured q range) as shown in this work.

The SAXS profiles shown in Figure 4.4 highlight the formation of the two struc-
tural levels in a hierarchical organization in the SiO2 clusters. Figure 4.10 shows
an example of such an organization, as well as representations of the different
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250 nm 250 nm

(a) (b)

250 nm250 nm

(c) (d)

Figure 4.9. State of dispersion and cluster sizes for in-situ synthesized SiO2 at (a,b) pH
11 and (c,d) pH 7 with APTES:DGEBA mass ratios of (a,c) 1:10 and (b,d) 1:30. The SiO2
content in all four cases was 5 wt%. The red and yellow boxes visualize the sizes of L 5
in the different compositions (~105, 205, 86, and 156 nm in (a)-(d), respectively).

regions that give specific values of D. At the first level, the SiO2 forms mass
fractal structures consisting of polymer-like chains of Si-O-Si links. At higher
filler contents, a secondary structural level formswhich consist of multiple units
of the first structural level. Hence, the base unit of a secondary structure may be
a cluster or network composed of themass fractal chains that form the preceding
structural level.
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First structural level Second structural level

(a)
Si-O-Si chains

Mass fractal chains (D < 2)

Interconnected networks (2 < D < 3)

Surface fractal structures (3 < D < 4)

(b)

Figure 4.10. Illustration exemplifying (a) two structural levels where a surface fractal
cluster is composed of mass fractal chains, and (b) the different regions of the SiO2
structures that result in the fractal dimensions obtained from the fits to the SAXS
profiles.

Figure 4.11 showsa representationof theproposed changes in the SiO2 structures
with the filler content in the nanocomposites prepared at pH 7, although a
similar trend is observed at pH 2 and 11 as well. Table 4.1 shows that in
the cases where the unified model could be used, the fractal dimension at both
structural levels generally increasedwith increasing filler content. This indicates
an increased degree of networking and cross-linking between the polymeric
mass fractal chains of SiO2, both within the first structural level and also in the
fractal aggregates comprising the secondary structural level. However, in the
cases where only one broad feature was observed in the scattering at low SiO2
content, the unified model was not used. The obtained D from the fit to the
power-law model was higher than those obtained for the first structural level at
higher SiO2 contents. This would imply that at lower amounts of SiO2, there is
some degree of networking or coiling between the mass fractal chains, but upon
increasing the SiO2 content, e.g. from 1 to 2 wt% at pH 7, the degree of coiling
is decreased in the chains comprising the first structural level. The decreased
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4.1 Structure and morphology of the in-situ synthesized SiO2

coiling may be attributed to the possibility that as the second structural level
begins to form, there is not enough SiO2 to enable the chains in the primary
level to extend and coil to the same degree, resulting in shorter chains with a
lower D in the first structural level. Upon further increases in the SiO2 content,
D increased again for the first structural level, indicating that the mass fractal
chains had again began to coil and cross-link between each other to a greater
degree.

1 wt% SiO2 
1 structural level

D ~ 1.9

Mass fractals

3 wt% SiO2 
2 structural levels

D ~ 2.6

D ~ 1.6

Low mass fractals at primary level
Interconnected network at secondary level

5 wt% SiO2 
2 structural levels

D ~ 2.2

D ~ 3.2

Interconnected network at primary level
Surface clusters at secondary level

Figure 4.11. Representation of the proposed changes in the structure of the in-situ
synthesized SiO2 in the nanocomposites prepared at pH 7. The structures within the
blue dotted circles represent the first (or only) structural level that make up the second
structural level shown in the red dotted circle.

The average sizes of the clusters in the second structural level (d in Table 4.1)
were quite close to the sizes shown in Figure 4.3 and exhibit similar trends
with increasing filler content. However, the presence of larger agglomerates
(such as those seen at pH 11, e.g. in Figure 4.1d) was not evident in the SAXS
profiles due to the limitation of the measured q range. This may explain why
in the case of the nanocomposite prepared at pH 11 with a reduced amount
of APTES (1:30 APTES:DGEBA mass ratio), the cluster size obtained from the
SAXS measurements was ~32 nm, whereas from the TEM images they were
observed to be closer to ~110 nm. However, the SAXS profile for this sample
shows only one knee-like feature at low q, and is missing the feature at higher q
that is observed in the corresponding nanocomposite with 1:10 APTES:DGEBA
mass ratio. It could be possible that this Guinier-knee at low q corresponds
with the primary structural level in these nanocomposites where the dispersion
is poorer, and that an additional knee may be present at even lower q (beyond
the range of the measurement) that corresponds to the agglomerates observed
in Figure 4.9b. Based on the consistency of the dispersion observed in several
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TEM images, the agglomeration is significantly less at lower SiO2 contents, and
becomes more prevalent at 5 wt% of SiO2. When the amount of APTES was
reduced at pH 7, the only significant change in the dispersion was in L 5 , which
increased as it did at pH 11. No significant change was observed in the cluster
sizes, however, whereas at pH 11 larger clusters and agglomerates formed due
to the reduction of the APTES.

The changes in the pre-factors in Equation (3.1),G andB, can also shed some light
on the structure of the SiO2. For the first structural level,G exhibited little change
with filler content, which implies a lack of change in both the cluster numbers
comprising the first structural level, and in the cluster volume. For the second
structural level, however, G generally increased significantly, corresponding to
an increase in both the number of particles and the cluster volume. This increase
is expected, since larger and more numerous clusters form with increased SiO2
content, resulting in a larger volume. B is generally proportional to the cluster
or particle surface area, and therefore inversely proportional to the cluster or
particle size. Therefore, the changes in B observed in Table 4.1 are also usually
consistent with the increasing size of the clusters in the second structural level
with increasing SiO2 content.

4.1.4.3 Growth mechanism of the SiO2 during synthesis

The changes in the SiO2 structure with filler content suggest an evolution in the
growth mechanism as more of the SiO2 precursor (TEOS) is added, changing
from an initial "cluster-cluster" growth model to a "monomer-cluster" growth
model. The proposed changes in the growth mechanism are illustrated in Fig-
ure 4.12. The NMR spectra in Figure 4.7c show that there are few Q0 groups
present in the nanocomposites, meaning that most of the TEOS monomers have
reacted completely. However, there is a larger number of Q3 andQ4 groups than
Q1 and Q2. This distribution of the different Q groups suggests that the primary
growth mechanism in the initial stages is "cluster-cluster", with a strong hydro-
lysis and slow condensation in the limited number of TEOS monomers [14]. In
this mechanism, a "sea" of monomers forms a collection of clusters, via "random
walk" movements, which condense with each other. This results in the forma-
tion of more open mass-fractal structures due to the slow hydrolysis resulting
in longer, polymer-like chains of Si-O-Si links, as reflected in the D in Table 4.1
for low SiO2 contents. The cluster-cluster growth occurs when there is a limited
source of monomers, and most condensation occurs preferentially between Q0

andQ1 species until themonomers are depleted [14]. As a result, a large number
of Q2 and Q3 species form.
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Figure 4.12. Schematic showing the proposed (a) cluster-cluster and (b) monomer-
cluster growth mechanisms.

As the SiO2 content is increased using a larger amount of TEOS, a "monomer-
cluster" mechanism overtakes the "cluster-cluster" growth process [14], since the
monomers are not longer depleted after the initial cluster-cluster growth. This
growthmechanism results inmore closed and compact SiO2 structureswith sur-
face fractals. In themonomer-cluster growth, a continual source of monomers is
required which condense preferentially with already formed clusters, resulting
in an increase in the number of Q4 species and decrease in Q1 and Q2 species.

The growth mechanism should be affected by the pH of the system during
synthesis. The cluster-cluster growth is promoted at lower pH due to the in-
crease in the hydrolysis rate, and the monomer-cluster growth is promoted at
higher pH due to the increase in the condensation rate [14]. The change in
the hydrolysis and condensation rates does not affect the total degree of con-
densation ([(8]), which remains relatively constant at all pH values. However,
the similarity in the changes in D and the observed morphologies from TEM
indicate that the hydrolysis and condensation rates are not affected as strongly
by the pH as expected. This may be due to the fact that the reactions are not
proceeding in a completely aqueous environment, since all the precursors are
mixed in the epoxy resin. Due to the higher viscosity of the resin compared to
aqueous solutions, themixing and subsequent reactions of the precursors might
be diffusion-limited. Diffusion-limited growth results in structures with D~2.5
and D~1.8 for monomer-cluster and cluster-cluster growth, respectively [14].
This appears to be the case when small amounts of TEOS are used (low SiO2
content), as seen in Table 4.1. Upon increasing the amount of TEOS (higher SiO2
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contents), it is likely that the growth mechanisms become reaction-limited, as
a larger number of TEOS monomers are available and do not need to diffuse
as far, resulting in higher values of D (~3 and ~2.1 for monomer-cluster and
cluster-cluster growth, respectively [14]).

To summarize, there is an evolution in the growth mechanism, independent of
pH, from cluster-cluster growth at low amounts of TEOS to monomer-cluster
growth at high amounts of TEOS. This change leads to a similar evolution in the
fractal morphologies of the synthesized SiO2, forming open mass fractals at low
SiO2 contents to closed surface fractals (but not smooth particles) at higher SiO2
contents. It is also likely that the processes change from being diffusion limited
to reaction limited as the amount of TEOS monomers is increased. However, it
is possible that at pH 11 the monomer-cluster growth occurs at an earlier point
than in the nanocomposites prepared at pH 2 or 7, due to the formation of larger
agglomerates. This is also observed when the amount of APTES is reduced
(Figure 4.9) at both pH 7 and 11, and the SiO2 at pH 11 forms larger clusters
than those at pH 7.

4.1.4.4 Challenges in the analysis of the TEM and SAXS data

Although L 5 is a useful tool for quantifying the state of dispersion, there are
certain limitations in its implementation. Firstly, L 5 is measured using two-
dimensional images, and it is unknown how representative this is for a three-
dimensional volume of material. The correlation lengths (�) between the SiO2
clusters were determined from the q range of the features in Figure 4.4 and
Equation (3.5). �was estimated to be ~4.2-6.3 nm and ~25-42 nm for the primary
and secondary structural levels, respectively. The estimated values of � were
significantly smaller than the L 5 calculated for the different nanocomposites
(53-200 nm, depending on composition or synthesis conditions). Therefore, it
is possible that L 5 is overestimated. Another potential source of error is in the
conversion of the TEM images to the binary images upon which the calculation
is performed, since the image thresholds are adjusted manually. The estimation
of L 5 can therefore be made more accurate and statistically significant by using
more images (e.g. 10-15 instead of 3-5).

The fits of the SAXS data to both the unified model and the Guinier and power-
law models can be improved with a wider q range in the measurements, which
could reveal the presence of any additional structural levels at both lower and
higher q. Lysenkov et al. [213] reported a similar hierarchical structure of SiO2
nanoparticles when synthesized in situ using a non-aqueous route, but with
three structural levels instead of two. The third level possessed a mass fractal
organization of the SiO2 clusters. In addition, the clusters and agglomerates
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formed were larger than those observed in Figure 4.1, but exhibited similar
trends in D and R6 as seen in Table 4.1. Therefore, the performance of SAXS
measurements over awider q range is recommended for amore detailed analysis
of the structural organization of the in-situ synthesized SiO2. An additional step
would be to include a structure factor when performing the fits to the unified
model, since then the interactions between the particle clusters will be taken into
account.

Despite these limitations, the techniques used in this work are, however, still
useful for identifying trends in the dispersion quality. It is therefore important to
corroborate results independently from multiple methods. Both the calculated
values from SAXS (correlation lengths and cluster sizes) and from the TEM
images (L 5 and cluster sizes) show consistent trends, showing that that the
distance between the SiO2 clusters, the sizes of the clusters themselves, and
the frequency of agglomeration increased with increasing SiO2 content. The
changes in L 5 also highlight the importance of the amount of SCA that is used
in the synthesis.

4.2 Dielectric properties of the epoxy-SiO2 nanocom-
posites

In this chapter, the dielectric properties of the epoxy nanocomposites prepared
with APTES are presented. Due to the agglomeration and poor dispersion of
the SiO2 in nanocomposites prepared without APTES and with GPTMS, the
dielectric properties of those materials were not investigated further.

4.2.1 The complex permittivity at room temperature
Figure 4.13 presents the real relative permittivities (&′A) and dielectric loss tan-
gents (tan �) for epoxy-SiO2 nanocomposites prepared at both pH 7 and 11.
The nanocomposites were prepared using an APTES:DGEBAmass ratio of 1:10,
but those with 5 wt% were also prepared using a reduced amount of APTES
(mass ratio of 1:30). For nanocomposites prepared at pH 7 (Figure 4.13a), the
real permittivity (&′A) increased with increasing SiO2 content up to 3 wt% SiO2.
Nanocomposites with 5 wt% SiO2 exhibited a lower permittivity than pure
epoxy. Changing the APTES:DGEBAmass ratio from 1:10 to 1:30 for 5 wt% SiO2
did not lead to any significant change in &′A .
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(a) (b)

(c) (d)

pH 7 pH 7

pH 11

pH 11

Figure 4.13. The (a,c) real relative permittivities and (b,d) dielectric loss tangents (tan
�) of pure epoxy and epoxy-SiO2 nanocomposites prepared under conditions of (a,b)
pH 7 and (c,d) pH 11. The * indicates composites prepared with a APTES:DGEBAmass
ratio of 1:30 instead of 1:10. The inset in (d) highlights the differences in the relaxations
between nanocomposites and pure epoxy. The blue and red arrows point to the changes
in the �-relaxation and the presence of a new relaxation, respectively.

The tan � in pure epoxy exhibited a single asymmetric peak at around 105 Hz
for the �-relaxation. In all the nanocomposites, the �-relaxation appeared as a
shoulder on a second peak that was outside the measured range (indicated by
the blue arrows in Figure 4.13b and d). At pH 7, the tan � between 103 and 105
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Hzwas slightly lower for all the nanocomposites than the pure epoxy. However,
above 105 Hz tan � was larger in the nanocomposites with 1-3 wt% SiO2. At
5 wt%, tan � decreased significantly in the same frequency range if sufficient
APTES was used. Reducing the APTES:DGEBA mass ratio to 1:30 resulted
in a subsequent increase in tan � again, similar to that which was observed
at lower SiO2 contents. An additional feature present in the tan � for all the
nanocomposites was a new relaxation peak between 1 and 100 Hz (indicated by
the red arrows in Figure 4.13b and d). Therefore, the nanocomposites exhibited
a slightly higher tan � in this region than the pure epoxy.

At pH 11, &′A decreased with increasing SiO2 content, unlike at pH 7. Moreover,
the nanocomposite prepared with a lower APTES:DGEBA mass ratio (and 5
wt% SiO2) exhibited the lowest permittivity overall (Figure 4.13c). Changes in
the tan � were more similar to those observed for nanocomposites prepared at
pH 7. The shape of the �-relaxation is altered similarly, but the tan � in the
nanocomposites is lower than that in pure epoxy over a wider frequency region.
In addition, reducing the amount of APTES did not result in an increase in tan
� again, as was observed at pH 7. The new relaxation also appears to be more
prominent, as shown in Figure 4.13d. The inset in the same figure highlights
the major differences in the tan � between pure epoxy and the nanocomposites,
showing both the change to the �-relaxation and the new relaxation at lower
frequencies. The latter can be hard to determine due to the overlap of multiple
data points in the plots.

The dielectric spectroscopy performed on the nanocomposites prepared at pH 2
with APTES resulted in a lower quality of data, and is shown in Figure B.2 in the
Appendix. The lower quality was attributed to the fact that these preliminary
samples were thicker (5-15 mm instead of 1 mm), thereby possessing a lower
capacitance which increased the error in the measurements. This led to the
modification of the casting procedure which resulted in the nanocomposites
that were presented in Figure 4.13.

4.2.2 Fits of the room temperature complex permittivity to the
Havriliak-Negami and Dissado-Hill functions

From the tan � in Figure 4.13, it is evident that the dielectric relaxations in the
pure epoxy and the nanocomposites cannot be described as a Debye response.
The real and imaginary permittivitieswere therefore fitted to both theHavriliak-
Negami (HN) and Dissado-Hill (DH) models to quantify the deviation from the
ideal Debye response. Figure 4.14 shows fits of both models to the complex
permittivity of pure epoxy. The fit became poor at lower frequencies (below
1 Hz for the DH fit and 100 Hz for the HN fit) when only a single relaxation
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term was used. In addition, the real permittivity was observed to continue to
increase instead of flattening out (Figure 4.14a and c). The inclusion of a second
relaxation term, shown in Figure 4.14b and d, optimized the fit in both models.
The fits were performed in the frequency region between 10−1 and 105 Hz.
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Figure 4.14. Fits of the real and imaginary permittivities of pure epoxy to the (a,b)
Dissado-Hill and (c,d) Havriliak-Negami models, showing a total fit consisting of two
relaxation terms, as well as the terms for each individual relaxation.

Fits of the HN and DH functions to the imaginary permittivities of selected
nanocomposites are shown in Figures 4.15 and 4.16. Two relaxation terms
were used for the fits, one for the �-relaxation, and one for the new relaxation
between 1 and 103 Hz (highlighted in the inset in Figure 4.13d). The additional
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term that was used in the fit for pure epoxy (shown in Figure 4.14) was not
included here, since it overlaps with the new relaxation in the same frequency
region. In certain samples the conductivity was higher, causing an increase in
the imaginary permittivity at low frequencies (shown in Figures 4.15 and 4.16
as �). The parameters obtained from the fits are presented in Tables 4.2 and 4.3.
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Figure 4.15. Fits of the imaginary permittivities of selected epoxy-SiO2 nanocomposites
to the Dissado-Hill function. The plots in the bottom row labelled 1:30 refer to nano-
composites prepared with an APTES:DGEBAmass ratio of 1:30 at pH 7 and 11 andwith
5 wt% SiO2. The green dashed lines in the first plot show the frequency range over
which the data was fit to the function.
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Figure 4.16. Fits of the imaginary permittivities of selected epoxy-SiO2 nanocomposites
to the Havriliak-Negami function. The plots in the bottom row labelled 1:30 refer to
nanocomposites prepared with an APTES:DGEBAmass ratio of 1:30 at pH 7 and 11 and
with 5 wt% SiO2. The green dashed lines in the first plot show the frequency range over
which the data was fit to the function.
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Table 4.2. Parameters obtained from the fits of the imaginary permittivity of pure epoxy
and epoxy-SiO2 nanocomposites prepared in different conditions to the Dissado-Hill
function.

Sample �-relaxation Second relaxation term
Δ& � [s] n m Δ& � [s] n m

Pure epoxy 1.07 3.3 × 10−6 0.89 0.25 0.62 0.36 0.49 0.01
1:10, pH 7 a

1 wt% 0.55 5.6 × 10−7 0.48 0.25 0.092 5.8 × 10−4 0.014 0.080
3 wt% 0.76 1.1 × 10−6 0.78 0.25 0.099 5.1 × 10−4 0.30 0.11
5 wt% 1.34 2.3 × 10−6 0.94 0.24 0.44 9.9 × 10−4 0.48 0.014

1:10, pH 11 b

1 wt% 0.60 1.1 × 10−6 0.66 0.26 0.15 1.1 × 10−3 0.01 0.032
2 wt% 0.63 2.1 × 10−6 0.81 0.24 0.36 5.3 × 10−4 0.01 0.014
5 wt% 0.89 1.9 × 10−6 0.89 0.21 0.22 7.5 × 10−4 0.05 0.025

1:30, 5 wt% SiO2
c

pH 7 1.77 3.0 × 10−6 0.95 0.25 0.11 8.5 × 10−4 0.01 0.044
pH 11 1.11 3.3 × 10−6 0.2 0.20 0.05 4.1 × 10−3 0.01 0.16

a Nanocomposites prepared at pH 7 with APTES:DGEBA mass ratio of 1:10.
b Nanocomposites prepared at pH 11 with APTES:DGEBA mass ratio of 1:10.
c Nanocomposites prepared with APTES:DGEBA mass ratio of 1:30 and 5 wt% SiO2.

According to the fits to the DH model (Table 4.2), the relaxation time (�) for
the �-relaxation is generally lower in the nanocomposites compared to the pure
epoxy. Reduction in the amount of APTES, however, results in a higher � com-
pared to nanocomposites prepared with more APTES. The relaxation strength
(Δ&) initially decreased for low filler contents, but increased with subsequent
increases in the filler content at both pH 7 and 11. However, reducing the
APTES:DGEBA mass ratio resulted in a decrease in Δ&. The indexes n and m
are the shape parameters for the relaxation loss peak in the DH function. m for
the �-relaxation shows relatively little variation, with only a small decrease with
increasing filler content. n, however, exhibits a relatively large decrease initially
at low SiO2 content, but increases with increasing amount of SiO2. An exception
is observed when the amount of APTES is reduced at pH 11, which resulted in
the largest decrease in n.

The second relaxation term used for the fits are not the same for the pure epoxy
and the nanocomposites, as these are most probably two different relaxations
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in the same frequency region. However, the changes in the parameters for the
different nanocomposites can be compared with each other to evaluate how
the dipoles in this new relaxation are behaving. The second relaxation in the
nanocomposites exhibited a decrease in � when the filler content was increased
to 2 or 3 wt%, but then � increased at 5 wt% SiO2. The opposite behaviour is
observed for Δ&. n usually increased with increasing amount of SiO2, although
this was significantly less at pH 11. Reducing the amount of APTES resulted in
very low values of n. No consistent trends could be identified for m.

Table 4.3. Parameters obtained from the fits of the imaginary permittivity of pure
epoxy and epoxy-SiO2 nanocomposites prepared indifferent conditions to theHavriliak-
Negami function.

Sample �-relaxation Second relaxation term
Δ& � [s]  � Δ& � [s]  �

Pure epoxy 0.71 3.3 × 10−6 0.43 0.62 0.32 62.1 0.55 0.055
1:10, pH 7 a

1 wt% 0.81 1.2 × 10−6 0.44 0.54 0.13 3.6 × 10−3 0.37 1
3 wt% 0.67 1.3 × 10−6 0.48 0.65 0.17 1.6 × 10−3 0.36 1
5 wt% 0.54 1.3 × 10−6 0.46 0.66 0.17 2.0 × 10−3 0.30 1

1:10, pH 11 b

1 wt% 0.75 1.3 × 10−6 0.45 0.59 0.15 1.4 × 10−2 0.30 0.67
2 wt% 0.55 1.9 × 10−6 0.46 0.58 0.19 3.2 × 10−3 0.26 0.76
5 wt% 0.42 1.8 × 10−6 0.51 0.65 0.25 8.3 × 10−4 0.25 1

1:30, 5 wt% SiO2
c

pH 7 1.11 3.9 × 10−6 0.44 0.31 0.09 4.5 × 10−3 0.43 1
pH 11 0.67 2.7 × 10−6 0.39 0.65 0.11 2.1 × 10−2 0.42 1

a Nanocomposites prepared at pH 7 with APTES:DGEBA mass ratio of 1:10.
b Nanocomposites prepared at pH 11 with APTES:DGEBA mass ratio of 1:10.
c Nanocomposites prepared with APTES:DGEBA mass ratio of 1:30 and 5 wt% SiO2.

According to the fits to the HN model (Table 4.3), the same changes were ob-
served as in the DH model for � of the �-relaxation. The opposite behaviour
was observed in the relaxation strength, as there was an increase in Δ& followed
by a subsequent decrease with increasing SiO2 content. In this model,  and �
are used as the width and asymmetry parameters, respectively.  was generally
slightly larger for the nanocomposites compared to pure epoxy (one exception
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4.2 Dielectric properties of the epoxy-SiO2 nanocomposites

being the nanocomposite prepared with less APTES at pH 11). � usually ex-
hibited a decrease initially at low SiO2 content, but then increased again with
increasing SiO2 content.

The parameters for the new relaxation in the nanocomposites obtained from the
HN model also showed different trends to those obtained from the DH model.
� generally decreased with increasing SiO2 content, whereas Δ& increased with
increasing SiO2 content.  decreased with increasing SiO2 content, and the
decrease was more significant at pH 11. However, reduction in the amount of
APTES led to a smaller decrease in  at both pH 7 and 11. At pH 7 (or with a
lower amount of APTES), � was unchanged at a value of 1; at pH 11 however,
� was initially lower at low SiO2 content, but increased to 1 with increasing
amount of SiO2.

4.2.3 Complex permittivity above room temperature
At temperatures approaching the glass transition and above, the complex per-
mittivity of epoxy and its nanocomposites exhibited significant increases in
both the real relative permittivity and the imaginary permittivity. Figures 4.17
and 4.18 show the the real relative permittivities (&′A) for selected nanocom-
posites prepared at pH 7 and 11, respectively, at different temperatures. The
permittivity for pure epoxy at higher temperatures is included in Figure 4.17.

In pure epoxy, an -relaxation emerged above 80 °C, which shifted to higher fre-
quencieswith increasing temperature. Additionally, &′A increased significantly at
low frequencies (below 10Hz) and above 120 °C. The nanocomposites exhibited
similar changes in the permittivity, but with a few differences. At lower filler
contents (e.g. 1 wt%), the -relaxation was observed at a lower temperature,
and the subsequent increase in the permittivity was also observed at a lower
temperature. This was more significant at 1 wt% than at 2 wt% SiO2, as seen
in Figure 4.17 - &′A reached ~1000 for 1 wt% SiO2, but only ~70 in 2 wt% SiO2
at 90 °C and 10−2 Hz, compared to 7 for pure epoxy at the same frequency and
temperature.

For higher filler contents (5 wt%), the -relaxation was observed at the same
temperature as for pure epoxy. Subsequently, the increase in &′A at 5 wt% SiO2
was substantially less than at 1 and 2 wt% SiO2. In all the nanocomposites
however, the real permittivity above 120 °C exceeded that of pure epoxy by at
least an order of magnitude. For example, in pure epoxy &′A reached ~5000 at 200
°C whereas for 5 wt% SiO2 at pH 7, a value of ~105 was observed (Figure 4.17).
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Chapter 4 Epoxy-SiO2 nanocomposites

Similar changes were observed for the nanocomposites prepared at pH 11, as
seen in Figure 4.18. While the -relaxation emerged at slightly lower tempera-
tures (60-70 °C), the increase in &′A at temperatures below 100 °C was not as high
as it was in nanocomposites prepared at pH 7. Above 100-120 °C, &′A exhibited
a significant increase at low frequencies, and exceeded the values displayed by
pure epoxy at the same temperatures.

Figure 4.19 shows the imaginary permittivity (&′′A ) as a function of temperature
for pure epoxy and nanocomposites with 5 wt% SiO2. The black arrows point to
the tan � "peak" for the -relaxation. As seen from the bottom row in Figure 4.19,
at temperatures above 100 °C &′′A increased significantly at low frequencies, al-
though the point of increase and the peak for the -relaxation shifted to higher
frequencies with increasing temperatures. Due to the substantial increase in
&′′A , the -relaxation became obscured and "flatter" in the plots. The red arrows
point to the regions where the slope of the imaginary permittivity approached
-1. The increase in imaginary permittivity was significantly higher in the nano-
composites than in pure epoxy.

Figure 4.20 shows the imaginary permittivities of nanocomposites prepared
with an APTES:DGEBA mass ratio of 1:30 at pH 7 and 11 (both with 5 wt%
SiO2). The same trends in the imaginary permittivity emerged with increasing
temperature in these nanocomposites. However, the increase in &′′A was not as
high at pH 11 when compared to the corresponding nanocomposite prepared
with more APTES (APTES:DGEBA mass ratio of 1:10, shown in Figure 4.19).
However, the increase in &′′A was higher for the nanocomposite prepared at pH 7
with a reduced amount of APTES. Similar observations as those made above are
found on comparing the real permittivities at higher temperatures as well. &′A in
the nanocomposites was higher at pH 7 and lower at pH 11 when the amount
of APTES was reduced.

110



4.2 Dielectric properties of the epoxy-SiO2 nanocomposites
5 

w
t%

 S
iO

2
pH

 7
P

ur
e

 e
po

xy
5 

w
t%

 S
iO

2
pH

 1
1

α

α

α

α

Fi
gu

re
4.
19

.T
he

im
ag

in
ar
y
pe

rm
itt
iv
iti
es

in
th
e
ra
ng

es
30

-9
0
°C

(to
p
ro
w
)a

nd
10

0-
20

0
°C

(b
ot
to
m

ro
w
)f
or

pu
re

ep
ox

y
an

d
ep

ox
y-
Si
O

2
na

no
co
m
po

si
te
s
(5

w
t%

)p
re
pa

re
d
at

bo
th

pH
7
an

d
11

w
ith

an
A
PT

ES
:D

G
EB

A
m
as
s
ra
tio

of
1:
10

.
Th

e
bl
ac
k

ar
ro
w
ss

ho
w

th
e

-r
el
ax

at
io
n,

an
d
th
e
re
d
ar
ro
w
sp

oi
nt

to
w
he

re
th
e
sl
op

e
of

&′
′ A
is
~-
1.

111



Chapter 4 Epoxy-SiO2 nanocomposites

(a) (b)

pH 7 pH 11

Figure 4.20. Comparison of the imaginary permittivities from 30-90 °C for epoxy-SiO2
nanocomposites (5 wt%) prepared with an APTES:DGEBA ratio of 1:30 at (a) pH 7 and
(b) pH 11.

4.2.4 Discussion
4.2.4.1 Complex permittivity at room temperature

Themost noticeable effects of the inclusion of the nanoparticles aremanifested in
the changes in the �-relaxation, as well as the introduction of the new dielectric
relaxation at low frequency. Several authors have reported the emergence of a
similar relaxation on the inclusion of nanoparticles in epoxy, albeit sometimes
in different frequency ranges. Yeung and Vaughan [142] reported a relaxation
peak emerging at 0.1 Hz in &′′A when unmodified SiO2 nanoparticles were added
to epoxy, and attributed this relaxation to adsorbed water at the nanoparticle
surface. Alhabil et al. [214] reported a relaxation in epoxy-Si3N4 nanocomposites
between 0.1 and 10 Hz, although this was present only for 2 wt% of Si3N4 and
not for 5 wt%. Singha and Thomas [4] reported a significant increase in tan
� for nanocomposites with 10 wt% of TiO2 nanoparticles which also showed a
peak around 103 Hz. Therefore, it appears that any relaxations associated with
the nanoparticles tend to emerge between 0.1 and 103 Hz, indicating that the
dipoles involved in these relaxations are "stiffer" than the O-H associated with
the �-relaxation. The new relaxation may therefore correspond to dipoles on
the SiO2 clusters that are more restricted in their movements, and cannot keep
up with the electric field switching at higher frequencies.
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4.2 Dielectric properties of the epoxy-SiO2 nanocomposites

The �-relaxation is strongly affected in all the nanocomposites, indicating that
there are some interactions between the SiO2 and the O-H on the epoxy chains.
For example, the formation of hydrogen bonds between the O-H on the DGEBA
and the silanol (Si-OH) groups on the particle surface, or even weak van der
Waal’s interactions, could be present at the interfaces. The strength of the �-
relaxation is also influenced by the cross-linking density of the epoxy network
[214], which could be affected by the presence of the SiO2. It is possible that
the incorporation of the nanoparticles has resulted in an additional relaxation
at frequencies above 106 Hz, and the �-relaxation now appears as a shoulder on
this new relaxation. Possible sources for this relaxation include the N-H dipoles
in unreacted APTES molecules or partially cross-linked APTES with DGEBA,
or uncondensed Si-OH and Si-O-C in alkoxides. Another alternative is that the
relaxation above 106 Hz was already present, and that adding the nanoparticles
has resulted in the relaxation shifting to a lower frequency. This option is highly
unlikely, however, as the only other relaxation reported for epoxy at higher
frequencies are associated with localized intramolecular motions of the epoxide
groups [109], which should be absent in cured epoxy resins.

Generally a reduction in the permittivity at all frequencies (as seen in Fig-
ure 4.13c) implies that there are fewer dipoles in general that can respond to the
electric field, whereas an increase (as seen in Figure 4.13a) implies the opposite
and that thematerial has becomemore polarizable. Hence, the nanoparticles ap-
pear to have different effects on the permittivity depending on the filler content
and the pH conditions during synthesis. At pH 7, the SiO2 structures initially
appear to make the epoxy more polarizable, but beyond a certain SiO2 content
(> 3 wt%) the nanocomposite becomes much less polarizable than pure epoxy.
Meanwhile at pH 11, the nanocomposite becomes less polarizable consistently
with increasing SiO2 content.

4.2.4.2 Application of the Havriliak-Negami and Dissado-Hill functions

Fits of the imaginarypermittivity (&′′A ) to theHavriliak-Negami (HN)andDissado-
Hill (DH) functions were performed to allow quantitative comparisons between
the different nanocomposites. The inclusion of the additional relaxation term
in pure epoxy below the �-relaxation results in a better fit to both models (as
seen in Figure 4.14). However, the origin for this relaxation in the pure epoxy is
unknown, and its shape appears to be quite different in the DH andHNmodels.
This second relaxation term in the fits for the pure epoxy coincides with the
new relaxation that emerges in the nanocomposites, which does in fact present
a subtle peak in tan � and in &′′A . Additionally, a conductivity term must be
included to model the increase in &′′A at low frequencies. Another challenge in
fitting the data to both the models is the presence of dipole relaxations beyond

113



Chapter 4 Epoxy-SiO2 nanocomposites

the measurement range, necessitating boundaries to the frequency range of that
data that is fitted (shown by the green dashed lines in Figures 4.15 and 4.16).
However, one risks eliminating the influence of these dipole responses on the
parameters obtained from the fits. This is most relevant for the �-relaxation, as
this relaxation appears as a shoulder on another relaxation that could not be
included in the fit.

Bearing all this in mind, it is still possible to extract useful information from the
trends observed in the various parameters for the nanocomposites. A common
feature in bothmodels is the shift of the �-relaxation to higher frequencies (lower
�), meaning that the O-H dipoles in the cross-linked DGEBA chains are less stiff
in the nanocomposites than in the pure epoxy. This effect is diminished when
the amount of APTES is reduced in the nanocomposites, which suggests that
the influence of either the particle dispersion, or the effect of the APTES itself,
on the O-H dipoles is reduced. The changes in the n parameter in the DHmodel
indicate an eventual increase in the ordering within the dipole clusters for the
�-relaxation with sufficiently high SiO2 content. These effects are illustrated in
Figure 4.21, where the presence of homogeneously dispersed SiO2 structures
increases the degree of ordering within the dipole clusters, which consist of
DGEBA chains that exhibit cooperative behaviours during relaxation. The in-
creased ordering in these clusters is consistent with the observed changes in the
� and  parameters in the HNmodel, which show that the distribution of relax-
ation times for the O-H dipoles become slightly narrower and more symmetric
with increasing SiO2 content. At low SiO2 contents, or when the dispersion is
poor, the O-H dipole clusters were more disordered than in pure epoxy.

For the new relaxation at a lower frequency, increasing the amount of SiO2
resulted in a broader relaxation peak according to the HN model. The wider
distribution of relaxation timesmay be expectedwhenmore varied and different
SiO2 morphologies form with both mass and surface fractal structures. Reduc-
ing the amount of APTES has the opposite effect, which may be attributed to
more similar dipoles being present in larger SiO2 agglomerates. The parame-
ters obtained from the DH model suggest that the dipole clusters for the new
relaxation are usually disordered. Increasing the SiO2 content can lead to an
increase in the ordering of these dipoles, in a trend similar to the effect seen in
the �-relaxation.
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Figure 4.21. Illustration of the dipole clusters in (top) pure epoxy and (bottom) epoxy-
SiO2 nanocomposite, showing the O-H dipoles on cross-linked DGBEA chains. The
organization of the dipoles in the clusters (which are shown by the dotted lines), are
affected by the presence of homogeneously dispersed SiO2 clusters.

The fits to the two models presents a contradiction when considering the effect
of the SiO2 on the strength (Δ&) of the �-relaxation. A visual evaluation of
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the tan � in Figure 4.13b and d indicates that the �-relaxation is weaker in the
nanocomposites, especially at 5 wt% where the tan � peak is smaller than that
of pure epoxy. This observation is consistent with the obtained values of Δ&
from the HN model, where Δ& decreased with increasing SiO2 content. Fits to
the DH model, however, gave values of Δ& which showed the opposite trend
with increasing SiO2 content. However, the height and symmetry of a peak in
&′′A is also determined by the /� or n/m parameters in the HN and DHmodels,
respectively. It is difficult to determine what Δ& should be from the &′A since no
measurements were taken above 106 Hz, which will therefore introduce some
uncertainty into the parameters obtained from the fits.

4.2.4.3 Complex permittivity at higher temperatures

Usually above 50 °C more pronounced changes were observed in the complex
permittivity for the different nanocomposites. A common feature is the shift
of the observed relaxations to higher frequencies with increasing temperature.
This increase is expected due to the increasedmobility of the epoxy chains as the
glass transition is approached. The movements along the chain are no longer
restricted and the various dipoles can respond more easily to the switching of
the electric field at higher frequencies. At the glass transition, the epoxy becomes
more rubbery and the movement of entire molecular segments, instead of just
smaller groups along the chain, will become the primary dielectric relaxation.
Therefore, the -relaxation observed in Figures 4.17 and 4.18 corresponds to
the glass transition, and the emergence of the -relaxation shows at which
temperature the glass transition begins. The beginning of the transition is more
dependent on the SiO2 content at pH 7 than at pH 11, and is generally earlier in
nanocomposites with a low amount of SiO2.

As the temperature is increased further beyond the glass transition, the -
relaxation also shifts to higher frequencies and the �-relaxation disappears,
as the O-H dipoles are no longer the prominent dipole due to the increased
flexibility of entire segments of the epoxy chains. The real permittivity does not
flatten out at lower frequencies after the -relaxation, but instead continues to
increase rapidly. The -relaxation then appears as a shoulder on what appears
to be an additional, massive dielectric relaxation. This is not, however, an ac-
tual relaxation since &′A just continues to increase indefinitely to extremely high
values and there is no corresponding loss peak.

As seen in Figure 4.19, &′A and &′′A both increased substantially at low frequen-
cies above the glass transition. The slope of the increase in &′′A (~-1) indicates
that this behaviour is indicative of charge transport [215], but is not a case of
DC conductivity since &′A is not independent of frequency [110]. This simulta-
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neous increase in both the real and imaginary permittivities resemble the low
frequency dispersion (LFD) effect, as no loss peak is observed and the dielectric
response is strongly frequency dependent in the low-frequency region. Dissado
and Hill also refer to this as ’quasi-DC’ (QDC) due to it resembling the DC con-
ductivity [108,216]. This quasi-DC behaviour can be observed in both the epoxy
and the nanocomposites, as shown in Figure 4.22, although the effect is stronger
in the nanocomposites. The conductivity is seen to decrease with decreasing
frequency, and deviates from the red dashed line which it would have followed
if it was independent of frequency.

10-2 100 102 104 106
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Pure epoxy
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Figure 4.22. Comparison of the conductivities of pure epoxy and nanocomposite with 5
wt% SiO2 (prepared at pH 7) at 200 °C. The straight, red-dashed lines are used to check
if the conductivity is frequency independent or not.

TheLFDeffect in pure epoxy ismost likely causedby thepresence ofNa+ andCl–
that are remnant from the synthesis of theDGEBAmonomers. The concentration
of these ions is low, but enough to cause charge transport at sufficiently high
temperatures (above the glass transition)when the epoxy becomesmore rubbery
and ion mobility is increased. Several other works have also reported this
phenomenon in pure epoxy and in epoxy nanocomposites [139, 142, 148, 160,
214,215]. Jonscher [108] stated that the LFD effect would also be responsible for
an increase in the real susceptibility ("’) at low frequencies, which corresponds
with the increase observed in &′A . However, Fuqiang et al. [215] and Huang
et al. [158] have attributed the increase in &′A to an electrode polarization (EP)
effect, where ion blockage occurs at the electrode-sample interface. The blockage
would be caused by the same ions responsible for the LFD effect, so it is possible
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Chapter 4 Epoxy-SiO2 nanocomposites

that both effects (charge transport by ions resulting in LFD and eventual ion
accumulation at the electrodes causing EP) are responsible for the increased &′A
and &′′A .

Due to the combined LFD/EP effect, the -relaxation becomes obscured in the
imaginary permittivity due to the rapid increase in &′′A . Figure 4.23 shows the
complex imaginary modulus (M") of pure epoxy and nanocomposites with 5
wt% SiO2. In M", the LFD/EP effect manifests as an additional peak instead of
an exponential increase in &′A , and the corresponding peak for the -relaxation
is less obscured. The relaxations occur at a higher frequency in the modulus
spectra, compared to the permittivity spectra [217]. The small peak for the new
relaxation introduced for the nanocomposites is also evident in the modulus
spectrum, but shifted to between 10 and 103 Hz. Both the shift in the peaks for
the LFD/EP effect in M" to higher frequencies and the larger increase in both
&′A and &′′A in the nanocomposites suggest that the number of charge carriers is
much higher in the nanocomposites than the pure epoxy. This is most likely
due to ions from the precursors for the synthesis of the SiO2, or any remnant
by-products that were not removed completely (e.g. ethanol from the sol-gel
reactions).

Yang et al. [148] demonstrated a similar LFD/EP effect in nanocomposites using
pre-synthesized SiO2, but with an inhibition of the LFD/EP effect in the nano-
composites. This highlights one challenge of the in-situ synthesis procedure,
as such an approach is likely to introduce additional charge carriers that may
degrade the performance of the nanocomposites at higher temperatures. Re-
ducing the amount of APTES at 5 wt% SiO2 appears to result in opposite effects
at pH 7 and pH 11, as seen from comparing Figures 4.19 and 4.20. For a given
SiO2 content, at pH 7 the increase in &′′A is larger in the nanocomposites prepared
with less APTES, whereas at pH 11 the increase in &′A is larger in nanocomposites
preparedwithmoreAPTES. Yeung andVaughan [142] also reported an LFD/EP
effect in nanocomposites with pre-synthesized SiO2. However, they attributed
this to adsorbed water on the SiO2 surface, and that increasing the amount of
SCA for surface modification resulted in fewer adsorbed water molecules, lead-
ing to a diminished LFD/EP effect. This explanation is unlikely to be valid for
the in-situ synthesized nanoparticles, since the particles are made directly in the
epoxy and not exposed to moisture. However, it is possible that any unreacted
water from the synthesis of SiO2 may also contribute to the LFD/EP effect.
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Chapter 4 Epoxy-SiO2 nanocomposites

4.3 Electrical treeing resistance

4.3.1 Tree morphology and growth behaviour
Figures 4.24 to 4.27 show optical images of the electrical trees grown in pure
epoxy and the epoxy-SiO2 nanocomposites. Since the channels could be diffi-
cult to discern, they were illustrated using manually drawn lines. The electrical
trees grown in pure epoxy (Figure 4.24) consisted of fine branches, most ofwhich
moved towards the ground electrode. However, a few channels grew more hor-
izontally from the needle. All of the trees were initiated at 25 kV, although
different durations at the initiation voltage were required for each specific sam-
ple. Table 4.4 summarizes selected properties related to the electrical treeing
behaviour observed in pure epoxy and in different epoxy-SiO2 nanocomposites.
For simplicity, the different types of nanocomposites are referred to by the se-
ries names used in Table 4.4. Trees were initiated in only 4 samples for each
composition, and were grown at 10 kV in all the samples.

1 mm 1 mm

1 mm

(a) (b)

(c)

1 mm

(d)

1 2

3 4

Figure 4.24. Optical images of electrical trees in pure epoxy. The numbers refer to the
sample number in the Pure epoxy series in Table 4.4. The unedited images are shown
in Figure B.3
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Chapter 4 Epoxy-SiO2 nanocomposites

Figure 4.25 shows the trees grown in epoxy nanocomposites with 5 wt% SiO2
prepared at pH 7 with an APTES:DGEBA mass ratio of 1:10 (S1 series in Ta-
ble 4.4). The trees look similar to those in pure epoxy, but it can be seen that the
number of branches forming in the nanocomposites were fewer. The spread of
the branches (measuredhorizontally from the images)was lower on average, and
the tree channels were generally narrower. In sample 1 (Figure 4.25a) there were
two groups of branches that formed with a slightly bushier tree base (shown in
the inset). The branches tended to stick closer to one another within each group
of branches, and the tree growth in this sample was noticeably slower.

1 mm

(a)

1 mm

(b)

0.5 mm

1 mm

(c)

1 mm

(d)

1 2

3 4

Figure 4.25. Optical images of electrical trees in epoxy-SiO2 nanocomposites prepared
at pH 7 and 1:10 APTES:DGEBA mass ratio. The numbers refer to the sample number
for the S1 series in Table 4.4. The unedited images are shown in Figure B.4

The average growth speed of the trees that formed in the S1 nanocomposites
was slower compared to pure epoxy. Despite the slower growth, a lower voltage
and a shorter time at that voltage was usually required to initiate the trees in
these nanocomposites. Additionally, in pure epoxy the trees did not begin to
grow at 10 kV for ~30min after initiation, whereas in all the nanocomposites the
tree growth began immediately when the voltage was set to 10 kV.
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4.3 Electrical treeing resistance

Figures 4.26 and 4.27 show the different trees grown in the nanocomposites
prepared with less APTES at pH 7 and pH 11, respectively (S2 and S3 series
in Table 4.4). Reducing the amount of APTES reduced the resistance towards
electrical treeing in the nanocomposites. As seen in Table 4.4, the average tree
growth speed was higher in the nanocomposites prepared with less APTES,
most noticeably in those prepared at pH 11 (S3 series). While the initiation
voltage was slightly decreased in some of the S2 nanocomposites, the trees in
the S3 nanocomposites were initiated at significantly lower voltages than pure
epoxy. The tree channels were also narrower than those in pure epoxy or the S1
nanocomposites.

1 mm

(a)

1 mm

(b)

1 mm

(c)

1 mm

(d)

1 2

3 4

Figure 4.26. Optical images of electrical trees in nanocomposites prepared at pH 7 and
1:30 APTES:DGEBA mass ratio. The numbers refer to the sample number for the S2
series in Table 4.4. The unedited images are shown in Figure B.5

The treesweremore linear andgrewdirectly towards the ground electrode in the
S3 nanocomposites, while the trees in the S2 nanocomposites spread a horizontal
distance similar to those in the S1 nanocomposites. The poorer dispersion of the
SiO2 in the S3 nanocomposites (seen in Figure 4.1e) and the increased number
of agglomerates affected the opacity of the samples, which, in addition to the
thinner tree channels, made it more difficult to observe the trees.
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1 mm

0.5 mm

(a)

1 mm
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Figure 4.27. Optical images of electrical trees in nanocomposites prepared at pH 11 and
1:30 APTES:DGEBA mass ratio. The numbers refer to the sample number for the S3
series in Table 4.4. The unedited images are shown in Figure B.6

Figure 4.28 shows the growth progress over time throughout the entire duration
of treeing. The S3 nanocomposites had a faster tree growth overall, whereas the
S2 nanocomposites had similar (or in one case, slower) growth rates compared to
pure epoxy in the initial stages. However, the growth in the S2 nanocomposites
spedup after some time (around approximately 20min). The S1 nanocomposites
exhibited either similar or slower initial growth compared to pure epoxy, and
the growth became slower as time progressed. Sample 1, shown in Figure 4.25a,
stood out by exhibiting remarkably slow tree growth progress, as indicated by
the blue "-o-" line.
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Figure 4.28. Electrical tree growth displayed as the increase in the vertical tree length,
directly from the needle to the ground electrode, over time at 10 kV. The time was
measured from when the tree growth started. The APTES:DGEBA mass ratio and pH
used for the synthesis of the different series are shown in the legend.

Table 4.4 also includes the estimated values of D 5 for the different trees, and
Figure 4.29 shows selected examples of the CCD images as well as the corre-
sponding binary representations of the trees used for the estimation of D 5 . D 5

could not be estimated in the S3 nanocomposites due to the poor image contrast.
The trees generally had a D 5 below 2, and the average D 5 for the S1 nanocom-
posites was lower than that of pure epoxy. The S2 nanocomposites, however,
exhibited a similar average D 5 to that of pure epoxy. In the images shown in Fig-
ure 4.29, the groupings of the different branches are shown with the coloured
lines, which were determined from the optical microscope images. The tree
branches or sections that were growing close to one another in a specific direc-
tion were grouped together. Different groups of branches in the trees grown in
pure epoxy tend to spread out uniformly inmultiple directions, forming a shape
similar to a broccoli-head. The trees in the S1 nanocomposites grew similarly
to those in pure epoxy, but the spread of the tree branches was more limited
and some of the branches were packed slightly closer together in their group.
In the S2 and S3 nanocomposites, the groups of branches were packed closer
and the branches did not spread out horizontally to the same degree as in pure
epoxy or the S1 nanocomposites, preferring to growdirectly towards the ground
electrode (as also seen earlier in Figures 4.26 and 4.27).
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Figure 4.29. CCD camera images of the electrical trees grown in pure epoxy and
epoxy-SiO2 nanocomposites, showing the different groups of branches (indicated by
the coloured dashed lines) in the trees. The insets show the corresponding binary
representations of the trees obtained from the respective CCD images.
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4.3 Electrical treeing resistance

4.3.2 Partial discharge properties during treeing
Figure 4.30 shows an example of the different types of phase-resolved partial
discharge (PRPD) patterns obtained at different stages of tree growth in pure
epoxy after initiation. Figure 4.30a shows the faint scatters of PD forming that
resemble a wing-like PD region in the first ~30 min period after tree initiation
in pure epoxy (where no tree growth was observed). Once the tree growth
started, the PD activity increased significantly, exhibiting primarily a wing-like
pattern but also a small region of turtle-like PD (Figure 4.30b). This initial burst
of PD lasted for approximately 5-10 min in most of the samples. Afterwards,
the wing-like PD was extinguished and only a very low, flat region of turtle-like
PD was observed during the remainder of the tree growth (Figure 4.30c). The
following sequence of PD evolution was observed consistently in all of the pure
epoxy samples where trees were grown (Pure epoxy series in Table 4.4). Initially
there was only wing-like PD (~0-5 min), followed by a period exhibiting both
wing and turtle-like PD (~5-10 min). Finally, the PD activity was very low for
the remainder of the treeing duration, with low PD magnitude. The intensity
of the PD, however, did vary between samples. Figure 4.31 compares different
pure epoxy samples, where trees were initiated and grown at 10 kV. In the initial
5 min in all three samples, wing-like PD was most prevalent. In the next 5
min however, only turtle-like PD was observed in sample 2, whereas sample 3
exhibited amix of wing- and turtle-like PD. Sample 4 showed only wing-like PD
in the same time period. After these 10 min, all the samples showed very low
magnitude turtle-like PD, similar to that shown in Figure 4.30c.

(a) (b) (c)

Figure 4.30. Examples of different PRPD patterns in pure epoxy (sample 1 in Table 4.4)
(a) after tree initiation but before tree growth commenced, (b) during the first 5-10
minutes after tree growth began, and (c) 10-15 minutes after tree growth began. The
blue and orange arrows indicate wing and turtle-like PD regions, respectively.
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2

0-5 min
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5-10 min
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Figure 4.31. Comparison of the different types of wing- and turtle-like PD regions
formed in the initial period of tree growth in different pure epoxy samples. The num-
bers indicate which samples from the pure epoxy series in Table 4.4 the PRPD plots
correspond to. The blue, orange and green arrows indicate wing-like, turtle-like, and
mixed PD regions, respectively.

Figure 4.32 shows the PRPDpatterns at different times in the S1 nanocomposites.
These nanocomposites presented a similar evolution in the PD behaviour to that
of pure epoxy, but in some cases with a longer period of extensive wing-like
PD activity than in pure epoxy. The wing-like PD persisted between 10 and
35 min in samples 1 and 3, and up to 10 min in samples 2 and 4, while the
trees remained close to the needle tip. Afterwards, when the trees grew further
away, only the lowmagnitude turtle-like PDwas recorded (similar to that seen in
Figure 4.30c). Sample 1, shown in Figure 4.25a, exhibited several regions ofwing
and turtle-like PD that overlapped and occupied different magnitudes of PD,
showing the occurrence of several separate groups of discharges during the tree
growth. Towards the later stages of tree growth that still exhibited wing-like PD
(~20-35 min), the discharge magnitude was much higher than recorded in other
samples, up to 0.1 nC. The other samples in the S1 nanocomposites exhibited
PDmagnitudes that were lower and closer to that seen in pure epoxy. However,
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4.3 Electrical treeing resistance

during different periods in the tree growth, certain regions of PD were loosely
connected, or even disconnected, from the other PD regions. This is seen most
clearly in Sample 3 at 5-10 min in Figure 4.32.

3

1

1

0-5 min

30-35 min

5-10 min

2

3

1

10-15 min

0-10 min

15-20 min

4

3

1

20-25 min

0-10 min

20-25 min

Figure 4.32. Phase-resolved partial discharge patterns for nanocomposites, prepared at
pH 7 with APTES:DGEBA mass ratio of 1:10, at different time periods during the tree
growth. The numbers indicate which samples in the S1 series in Table 4.4 the PRPD
plots correspond to. The blue, orange and green arrows indicate wing-like, turtle-like,
and mixed PD regions, respectively.
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Figure 4.33 shows the PRPD patterns recorded in S2 nanocomposites. These
were similar to the S1 nanocomposites, and in some cases also exhibited discon-
nected certain regions of PD (e.g. in Sample 4 in Figure 4.33 at 10-15 min). For
Sample 2 in Table 4.4, nowing-like PD regions were recorded during the growth
at 10 kV, and only the flat band of PD observed in the later stages of treeing was
present.

0-20 min 0-15 min

1 3

0-10 min

4

10-15 min 15-25 min

4 4

Figure 4.33. Phase-resolved partial discharge patterns for nanocomposites, prepared
at pH 7 with an APTES:DGEBA mass ratio of 1:30, taken over different time periods
during the tree growth. The numbers indicatewhich samples in the S2 series in Table 4.4
the PRPD plots correspond to. The blue, orange and green arrows indicate wing-like,
turtle-like, and mixed PD regions, respectively.

In the S3 nanocomposites the PD activitywas comparatively lower in three of the
tested samples (No. 2, 3, and 4), and the wing-like regions had low magnitude
and were extinguished within 10 min, similar to the pure epoxy. Sample 1,
however, was an exception. Figure 4.34 shows the PRPD patterns recorded
in this sample over the entire duration of the tree growth (~35 min). A high
PD activity and discharge magnitude persisted throughout the entire treeing
period, in contrast to all the other samples where eventually the wing-like PD
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was extinguished. In addition, the dischargemagnitudewas significantly higher
compared to the other nanocomposites and the pure epoxy, and was as high as
0.08 nC even in the first 5 min of tree growth. There was a significant overlap
of several regions of wing and turtle-like PD at all stages of tree growth. The
PD magnitude was significantly higher in the positive half-cycle of the voltage
phase after 15 min, resulting in asymmetric PD patterns.

0-5 min 5-15 min 15-20 min

20-30 min 30-35 min

Figure 4.34. Phase-resolved partial discharge patterns for Sample 1 in the S3 series
in Table 4.4, prepared at pH 11 with APTES:DGEBA mass ratio of 1:30, over the entire
period of tree growth. The blue, orange and green arrows indicate wing-like, turtle-like,
and mixed PD regions, respectively.

4.3.3 Discussion
4.3.3.1 The tree growth and morphology

Tree initiation is a stochastic process that depends not only on the strength of the
electrical field, but also the presence of defects or sources of electrons near the
needle tip for sufficiently high discharges that can erode through the material.
The tree initiation rate was consistently low (initiated in ~30-40 % of the samples
tested), even at 25 kV for up to 1 h. The low initiation rate indicates that both
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the pure epoxy and the nanocomposites exhibit inherent resistance towards
initiation of electrical trees. One possible reason for the low initiation rate
may be the use of N2 pressurization during the curing process. Most reported
works stress the need for vacuum before casting, as air bubbles can be a severe
weakness for the dielectric properties. However, none have reported the use of
a pressurized environment during curing, which minimizes the size of any air
bubbles that are remaining in the resin even after vacuum degassing.

The initiation voltage of the trees for pure epoxy was always higher than for
the nanocomposites, indicating that there are more defects or electron sources
in the nanocomposites. Comparisons of the tree initiations to other works
are difficult, however, since the testing procedures used were different. Tree
initiations reported in literature typically involve the use of a fixed voltage
(usually between 10 and 15 kV) and measuring the time to initiation [127, 152,
153,155,218]. As seen in Table 4.4, there is a large variance in the time to initiation
at the voltage even in the case of pure epoxy, where all the samples initiated at
the same voltage. Comparisons between the different types of nanocomposites
are more difficult, since different samples in a series initiate at different voltages.
Generally, however, the average time to initiation is lower in the nanocomposites
than in the pure epoxy. This is opposite to what is expected, as reports on ex-
situ composites reported increases in the initiation time at a fixed voltage in
nanocomposites compared to pure epoxy [152,153,218].

As an electrical tree grows, it will seek the path of least resistance through
the material in the direction of the electrical field. Therefore, there must be
regions in the S2 and S3 nanocomposites that are more susceptible to erosion
by discharges than in the pure epoxy or S1 nanocomposites, allowing the trees
to grow faster and more directly towards the ground electrode. The reduced
degree of branching also demonstrates that the tree did not need to frequently
find alternate routes with lower resistance. On the other hand, the trees in
the S1 nanocomposites show multiple short thorns on the main tree channels,
shown in Figure 4.35, giving the appearance of pine leaves. These thorns did
not fully develop into individual tree branches, and the frequency of these
thorns is higher in the S1 nanocomposites compared to pure epoxy. This "pine
leaf" structure indicates that the electrical tree experiences a greater difficulty
in growing through the S1 nanocomposites compared to the pure epoxy or the
S2 or S3 nanocomposites. The multiple thorns form due to the resistance in the
current path of tree channel, but the discharges are not high enough to contribute
to the growth of these thorns into fully developed branches.
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0.1 mm 0.1 mm

0.25 mm 0.25 mm

(a) (b)

(c) (d)

Figure 4.35. Comparison of the "pine leaf" like structures on the branches of (a,b) pure
epoxy and (c,d) SiO2 nanocomposites prepared at pH 7 with 1:10 APTES:DGEBA mass
ratio. The arrows point to regions where the "thorns" have formed on a primary tree
channel.

The growth rates of the trees subsequently affect the tree morphology, with
the faster growing trees generally exhibiting a narrower horizontal spread, less
branching, and larger D 5 . D 5 acts as an indicator for the branch density [219],
with larger values indicatingagreaterdensity (or closerpacking) of thebranches.
All the nanocomposites exhibit branched trees (1 <D 5 < 2 for branched trees and
2 < D 5 < 3 for bushy trees [220]), but D 5 was higher for the S2 nanocomposites,
showing a higher branch packing density. Although D 5 could not be measured
for the S3 nanocomposites, comparatively higher values of D 5 are expected as
the the tree channels are bundled closer together, despite the trees being more
linear andwith fewer branches. While D 5 can be a useful indicator of the density
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of the branches and the degree to which an electrical tree is bushy or branched,
care should be taken when interpreting the results of the fractal dimensions
estimated from two-dimensional projected images. When the tree branches
grow too far in or out of the focal plane of the images, information is lost in the
projected images, giving the appearance of bushier trees than they actually are.

4.3.3.2 Partial discharge behaviour

Representative plots for the PD activity over time are shown in Figure 4.36,
measured fromright after tree initiation. For pure epoxy (Figure 4.36a), scattered
bursts of wing-like PD were recorded during the initial delay period where
no tree growth was observed. From the moment the tree started growing, a
continuous band of wing-like PD was observed for a brief time (~3 min in the
sample represented in Figure 4.36a). In the nanocomposites, the tree growth
was immediate, and the bursts of PD were generally more frequent (shorter
intervals between them) and lasting a longer time (~8 min in the sample shown
in Figure 4.36b). In both cases after the wing-like PD ceased, only turtle-like
PD with lower discharge magnitude was observed for the remainder of the tree
growth. Champion and Dodd [221] reported a similar PD activity over time in
branched trees. The PD behaviour is therefore consistent with the morphology
of the trees observed earlier in Figures 4.24 to 4.27, and that characterized by
the D 5 . However, it is unexplained why the wing-like PD patterns disappear
as the tree grows beyond a certain distance from the needle tip. Wing and
turtle-like PDpatterns have been reported previously in several works, although
different authors suggest different sources for the PD. Wu et al. [222] and Lv et
al. [126] show similar PD patterns for trees grown in polyethylene and epoxy,
respectively, and attribute the wing-like PD to discharges along longer tree
channels (or the entire tree length), and turtle-like PD to discharges along shorter
channels or distances (e.g. at the tip of the trees). One would expect, based on
these findings that with longer branches, wing-like patterns should persist with
greater magnitude as the tree became longer.

This discrepancymaybe explainedby considerationofwhether the tree channels
are conducting or non-conducting. Dodd et al. [223] reported wing and turtle-
like PD in non-conducting and conducting trees, respectively. Therefore, a
proposed explanation for the PD behaviour in these materials is that the tree
channels transition from an non-conducting to conducting. Figure 4.37 presents
an illustration for the mechanism for this transition as the tree grows.
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Figure 4.36. The PD activity over time for (a) pure epoxy and (b) S1 nanocomposite. The
measurement of the PD activity was started right after tree initiation when the voltage
was set to 10 kV.

Wing PD
Turtle PD

Figure 4.37. Schematic illustrating the development of the electrical tree from the needle
tip (in red) along with the different types of partial discharges, and the transition from
non-conducting (black lines) to conducting (red lines) tree channels.
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The tree formed at initiation is non-conducting, and the electric field maximum
lies at the tip of the high voltage needle electrode. The build-up of potential
from the needle tip to the ends of the tree causes large partial discharges in the
gas-filled tree channels, which are the wing-like PD that are observed. These
discharges cause breakdownof the surrounding resin, resulting in carbonization
of the channel walls, turning them conductive. As this happens, new tree chan-
nels may be initiated from the needle tip where the same discharge behaviour
occurs. As the channels become more conductive, the front of the electric field
effectively moves away from the needle tip and closer to the ends of the tree.
This shift in the electric field means that the highest electric field strength is
no longer at the needle tip but closer to the tree tips, where the field strength
is amplified due to the tree channels being narrower than the needle tip. The
amplification occurring at the tree tips explains why tree growth can proceed at
a lower voltage than the voltage required for tree initiation. Hence, the electric
potential difference at the tree tips becomes weaker, resulting in smaller dis-
charges over shorter distances, giving turtle-like PD. Eventually all of the tree
except the tips of most branches will be conducting, and the wing-like PD is
extinguished and only turtle-like PD is observed.

The PD behaviour can also be used to explain some of the different observations
made during the tree growth. The S3 nanocomposites exhibited the fastest tree
growth, and short-lived wing-like PD. In addition, the magnitude of the PD
was low in general, which could be attributed to the narrower average channel
diameters (Table 4.4). The only exception to this was observed in Sample 1
(Figure 4.27a) where the initial base of the tree (close to the needle) consisted
of very thick (~15-20 µm) tree channels. This resulted in the large PD observed
in Figure 4.34, with overlapping wing and turtle-like PD. The PD magnitude
also increased with time, indicating that the tree channels remained conductive
throughout the growth period. A possible explanation for this deviation is that
the conductivematerial frombreakdownproducts could not be deposited due to
the constant erosion of the channel walls at the tree base, resulting in the thicker
channels. It is unknown why this is observed in only one S3 nanocomposite,
but could be due to a poorer sample quality. The PD behaviour observed for
the S1 nanocomposite with the slowest tree growth (Sample 1 in Table 4.4 and
Figures 4.25 and 4.32) also stands out, with the wing-like PD persisting for a
longer duration than most nanocomposites. This behaviour can be due to the
fact that the growth of the tree in the initial stage is significantly slower (the
blue "-o-" line in Figure 4.28). The slower growth rate, combined with the
tree channels not becoming significantly thicker, means that fewer breakdown
products are formed from the discharges, resulting in a longer time taken for
the channels to become conductive.
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In some of the nanocomposites, certain regions of PD appear to be disconnected
from the others at times, such as those seen in Sample 4 in Figure 4.33. This
indicates a floating potential in parts of the tree channels, resulting in charging
and discharging of a regionwithwell-defined capacitance. This could be caused
by irregular intervals at which the channels become conductive, resulting in
neighbouring conductive and non-conductive regions where one of the regions
act as a "floating potential capacitance". The separation in the PD signal shows
that the positions of these regions are somewhat fixed during the measurement
period.

4.4 Thermal and mechanical properties of the nano-
composites

4.4.1 Glass transition and thermal stability
The glass transition of the epoxy-SiO2 nanocomposites showed significant vari-
ations with the synthesis conditions. Figure 4.38a shows the changes in T6 with
filler content for the different types of nanocomposites prepared with either
APTES or GPTMS, at different pH with APTES, and with different amounts of
APTES.

In the nanocomposites prepared with APTES, T6 initially decreased before sub-
sequently increasing when the amount of SiO2 was increased. The nanocompo-
sites prepared with GPTMS, however, showed a noticeable increase in T6 even
at lower filler contents, up to 95 °C at 5 wt% SiO2. In contrast, for 5 wt% SiO2
preparedwith APTES the highest T6 observedwas 87 °C, an increase of just 4 °C
over pure epoxy. Additionally, while the nanocomposites prepared at pH 2 and
7 exhibited similarities in the changes in T6 with filler content, those prepared
at pH 11 showed only small changes in T6 compared to pure epoxy.

Figure 4.38b shows the thermal decomposition of pure epoxy and epoxy-SiO2
nanocomposites prepared at pH 7. The thermal stability of the nanocomposites
was increased compared to pure epoxy, and was found to be independent of the
synthesis conditions or the filler content. Up to ~320 °C, there was no difference
in the thermal stability of pure epoxy and the nanocomposites. Between 320
and 340 °C, the pure epoxy decomposed significantly, resulting in a mass loss of
approximately 28%,whereas the nanocomposites underwent amass loss of only
~2 %. The thermal decomposition of the pure epoxy plateaued slightly between
400 and 450 °C, whereas for the nanocomposites this plateau was between 450
and 530 °C. The thermal decomposition was complete for the pure epoxy at
around 580 °C, whereas it was complete for the nanocomposites at around 630-
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Figure 4.38. (a) The glass transition temperatures (T6) of epoxy-SiO2 nanocomposites
prepared using different synthesis conditions, as a function of SiO2 filler content. The
T6 of pure epoxy is shown as the black triangle at 0 wt% SiO2. The closed markers
are for nanocomposites prepared with an SCA:DGEBAmass ratio of 1:10, and the open
marker is for a mass ratio of 1:30. The error in each measurement is ± 2 °C. (b) The
thermogravimetric analysis of epoxy-SiO2 nanocomposites prepared at pH 7 with an
APTES:DGEBA mass ratio of 1:10, with different SiO2 contents.

650 °C. FTIR spectroscopy was used to verify that the remaining mass after the
thermal decomposition was SiO2.

4.4.2 Tensile and elastic properties
The tensile elastic properties of epoxy-SiO2 nanocomposites prepared with
APTES (1:10 mass ratio of APTES:DGEBA) at pH 7 are shown in Figure 4.39,
which also illustrates the general trends in the average properties over all the
samples measured for each filler load. The average elastic moduli exhibited a
similar trend as the T6 . The addition of a low amount of SiO2 decreased the
elastic moduli, but further increases in the SiO2 content resulted in an increase.
The ultimate tensile strength (UTS), however, showed a consistent decrease with
increasing SiO2 content in the nanocomposites. The strain at failure did not show
any significant differences up to 3 wt% of SiO2, but upon increasing the filler
content to 5 wt%, the strain at failure increased significantly. It should be noted
that the nanocomposites generally demonstrated a much larger variation in the
measured elastic moduli and strain at failure between samples with the same
filler content than the variation observed in pure epoxy samples.

138



4.4 Thermal and mechanical properties of the nanocomposites

0
1

3
5

F
ill

er
 c

on
te

nt
 [w

t%
]

1234
E-modulus [GPa]

0
1

3
5

F
ill

er
 c

on
te

nt
 [w

t%
]

5
5

6
0

6
5

7
0

7
5

Ultimate tensile strength [MPa]

0
1

3
5

F
ill

er
 c

on
te

nt
 [w

t%
]

02
0

4
0

6
0

8
0

Strain at failure [%]

(a
)

(b
)

(c
)

Fi
gu

re
4.
39

.T
he

m
ea
su

re
d
te
ns

ile
pr
op

er
tie

so
fe

po
xy

-S
iO

2
na

no
co
m
po

si
te
sp

re
pa

re
d
w
ith

A
PT

ES
at

pH
7
(A

PT
ES

:D
G
EB

A
m
as
sr

at
io

of
1:
10

).
(a
)T

he
te
ns

ile
el
as
tic

m
od

ul
i.
(b
)T

he
ul
tim

at
e
te
ns

ile
st
re
ng

th
.(
c)

Th
e
st
ra
in

at
fa
ilu

re
.

139



Chapter 4 Epoxy-SiO2 nanocomposites

Figures 4.40 to 4.43 show the fracture surfaces of pure epoxy samples and epoxy-
SiO2 nanocomposites with 1, 3, and 5 wt% of SiO2, respectively (prepared at pH
7 with APTES:DGEBA mass ratio of 1:10). Defects and other features on the
fracture surfaces are marked by blue arrows. In the pure epoxy samples, the
fracture surface was relatively smooth and flat. In most of the samples, the
fracture origin was at the surface of the material, as the cracks were seen to
initiate along the edges as seen in Figure 4.40a and b. The fracture origins are
marked by red arrows. Some regions were also observed where there was a
bowed conical surface, as seen in Figure 4.40c and d, that is slightly elevated or
depressed.

Fracture surfaces in nanocomposites with 1 wt% SiO2 were similar to those in
pure epoxy, but with increased surface roughness. Figure 4.41a and b highlight
the different features in these fracture surfaces, which are more frequent than
in pure epoxy. Figure 4.41c and d also show that the cracks can be initiated
within the material, and not only at the material surface as in pure epoxy. In
addition, microcracks were observed close to other cracks or defects, such as
that shown in Figure 4.41c. The nanocomposites with 3 wt% SiO2 exhibited a
significantly rougher fracture surface, as observed in Figure 4.42a. Microcracks,
shown in Figure 4.42b, were more frequent than in the nanocomposites with 1
wt% SiO2. However, the fracture origin was primarily at the material surface,
and so most cracks still initiated at the edges of the fracture surfaces. These
were identified by following the river markings, shown in Figure 4.42c and d.
Nanocomposites with 5 wt% SiO2 also exhibited fracture origins at the material
surface. However, unlike the pure epoxy or nanocomposites with less SiO2,
crack initiationwas not observed atmultiple sites in the samples. In addition, the
fracture surfaces at 5 wt% SiO2 showed a development of the surface roughness
with increasing distance from the fracture origin. The regions in the immediate
vicinity of the origin was a smooth, and mirror-like with few features. Beyond
this "mirror"-region, the surface become rougher and a "mist" region forms,
where the crack accelerates in an unstable manner. Further away, the surface
becomes increasingly rougher and forms a "hackle" region. The mirror, mist,
and hackle regions are most evident in Figure 4.43a, with the fracture origin at
the top-right corner (marked by the arrow). In all of the nanocomposites with 5
wt% SiO2, the fracture origins were observed in the corners of the square cross-
section of the fracture surfaces. The microcracks shown in Figure 4.43b were
prevalent all over the mist and hackle regions, compared to nanocomposites
with 1 or 3 wt% SiO2 where these were observed only close to the cracks or
other defects.
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Figure 4.40. Fracture surfaces of pure epoxy samples after mechanical failure during
tensile measurements. The blue arrows point to defects or other features on the fracture
surfaces, the red arrows point to the fracture origin.
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Figure 4.41. Fracture surfaces of epoxy-SiO2 nanocomposite samples with 1 wt% SiO2.
The red arrows point to possible sites of the fracture origin, and the blue arrows point
to cracks or other features on the fracture surfaces
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Figure 4.42. Fracture surfaces of epoxy-SiO2 nanocomposite samples with 3 wt% SiO2.
The red arrows point to possible sites of fracture origin, and the blue arrows point to
river markings, microcracks, or other features on the fracture surfaces.
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Figure 4.43. Fracture surfaces of epoxy-SiO2 nanocomposite samples with 5 wt% SiO2.
The region highlighted by the red circle in (a) is shown in (b) The red arrows point to
the fracture origins.
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Figure 4.44 shows the complex elastic moduli (storage modulus G’ and tan �)
of the same nanocomposites shown in Figure 4.39. At room temperature, the
storage modulus increased with increasing SiO2 content. However, above the
glass transition only the 5 wt% specimen exhibited a higher storage modulus
than pure epoxy. The T6 was also measured from the position of the tan � peak.
The changes in T6 with SiO2 content show the same behaviour when measured
by DMA and DSC. Initially, there was a decrease in T6 with a small amount of
SiO2, followed by an increase when the SiO2 content was increased beyond a
threshold. Unlike the DSC measurements, the T6 for the nanocomposite with 5
wt% SiO2 was not higher than that of pure epoxy. Hence, the nanocomposites
exhibited a lower T6 than pure epoxy according to DMA. The tan � data in
Figure 4.44b presented on a logarithmic scale shows that the peak observed for
pure epoxy possesses a shoulder at a temperature above the peak temperature,
which is also present in the nanocomposites. However, the nanocomposites
possess an additional feature, also appearing as a shoulder, in between this
shoulder and the maximum (highlighted by the arrows). The change in the
height of the tan � peak with SiO2 content also presented a trend similar to that
observed for the T6 . The peak intensity initially increased at low SiO2 content
(1 and 3 wt%), and then decreased at higher content (5 wt%). Additionally, the
area under the peaks are larger in the nanocomposites than in the pure epoxy.
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Figure 4.44. The dynamic mechanical behaviour of epoxy-SiO2 nanocomposites pre-
pared with APTES:DGEBA mass ratio of 1:10. (a) The elastic storage modulus (solid
lines) and loss tangent (tan �, dashed lines). (b) The tan � on a logarithmic scale,
highlighting the features in tan � as marked by the arrows.
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4.4.3 Discussion
4.4.3.1 Thermal properties of the nanocomposites

The glass transition temperatures for pure epoxy and the nanocomposites, pre-
pared at pH 7 with 1:10 APTES:DGEBA mass ratio, measured using DSC (Fig-
ure 4.38a) and using DMA (Figure 4.44) are compared in Table 4.5. The tempera-
ture atwhich the -relaxationwasfirst observed from thedielectric spectroscopy
measurements is also included. The same trends are observed using these three
different characterization methods. T6 was initially lower in nanocomposites
with a low SiO2 content compared to pure epoxy, but subsequently increased
when the SiO2 content was increased.

Table 4.5. Comparison of the glass transition temperatures (T6) obtained from different
measurement techniques for pure epoxy and epoxy-SiO2 nanocomposites prepared at
pH 7, with an APTES:DGEBA mass ratio of 1:10.

Sample DSC [°C] DMA [°C] Dielectric spectroscopy [°C]

Pure epoxy 83 81 > 70
1 wt% SiO2 72 61 > 50
2 wt% SiO2 77 - a > 60
3 wt% SiO2 75 56 > 60
5 wt% SiO2 87 66 > 70
a No measurements were made for this sample using DMA

There are some discrepancies in the values for T6 obtained from the different
measurements. In the case of thedielectric spectroscopy, themeasurementswere
taken at 10 °C intervals, but parts of the -relaxation could sometimes be seen
at lower temperatures in the low frequency region. The DMA measurements
were also performed on a larger volume of sample (several grams) compared
to the DSC measurements (in the range of milligrams). This, combined with
the different heating rates used in the DSC (10 °C/min) and in the DMA (2
°C/min) means that the thermal histories of the same material used in the two
techniques will be quite different, resulting in different values for T6 in the same
nanocomposites.

There are additional features above the peak temperature in tan � in the nano-
composites, compared to the pure epoxy, as observed in Figure 4.44b. Mul-
tiple peaks in tan � could indicate a second glass transition, as predicted by
Tsagaropoulos and Eisenberg [57]. Alternatively, if the peaks are sufficiently
close to one another or are shoulders on another peak, there could be multiple
regions in the cured resin that approach the glass transition separately from
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one another. This may occur if there are inhomogeneities in the cross-linking
density or if the curing reaction was incomplete. The latter can be discarded as
no exothermic shifts were observed for both the pure epoxy and the nanocom-
posites during the DSC measurements, shown in Figure 4.45. The presence of
the additional shoulders in the tan � for the nanocomposites is then most likely
due the degree of cross-linking in the epoxy being affected in the vicinity of the
nanoparticles, possibly at or close to the interfaces.

Pure epoxy

5 wt% SiO2

First cycle

Final (4th) cycle

Exothermic

Figure 4.45. Theheat flowduringDSCmeasurements of pure epoxy andnanocomposite
with 5wt% SiO2 (prepared at pH 7with 1:10 APTES:DGEBAmass ratio). The heat flows
are shown for all four cycles of the measurement.

The glass transition can be seen during all four cycles of the DSC measurement
as the endothermic shift in the heat flow between 60 and 90 °C in Figure 4.45.
The first cycle always exhibited an earlier glass transition with an endothermic
peak compared to the next three cycles, which were reproducible. This feature
is due to the material experiencing molecular relaxations, and the release of
stresses built into the material during processing. This could also be a possible
reason for the lower)6 observed inDMAmeasurements, since there the samples
are not pre-heated to above the glass transition prior to measurement.

The thermal stability of the nanocomposites, compared to the glass transition
temperature, did not vary significantly with the synthesis conditions, and was
higher than the thermal stability of the pure epoxy (Figure 4.38b). Bauer et
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al. [85] attributed the plateau in the thermal degradation to char formation and
the carbonization of the epoxy. In the nanocomposites, the plateau is wider,
and occurs at a higher temperature and when a lower % of the original mass
is remaining, showing that the inclusion of the SiO2 nanoparticles both delays
the onset and increases the duration of this process. The differences in the
thermal stabilities of nanocomposites with different SiO2 contents are subtle,
and it appears that including small amounts of SiO2 is sufficient to slow down
the thermal degradation of epoxy.

4.4.3.2 Mechanical properties

Table 4.6 shows a comparison of both the elastic and storage moduli measured
using tensile tests and DMA, respectively, at room temperature, as well as the
storage modulus (measured using DMA) at 120 °C. The DMA measurements
were performed using 3-point bending instead of a tensile deformation, but
despite this the obtained values for the storage modulus are not too dissimilar
from those obtained for the elastic modulus. The increase in elastic modulus
at higher SiO2 contents is expected, as similar developments were reviewed in
literature [6]. The increase in the elasticity of the nanocomposites is also reflected
in the storage modulus, but the storage modulus did not decrease initially at 1
wt% SiO2 as it did in the elastic modulus.

Table 4.6. Comparison of the elastic moduli and storage moduli obtained from tensile
testing and from DMA measurements, respectively, for pure epoxy and epoxy-SiO2
nanocomposites prepared at pH 7, with an APTES:DGEBA mass ratio of 1:10. All the
units are given in GPa.

Sample
Tensile DMA (3-point bending)
Elastic Storage Storage

modulus (25 °C) modulus (25 °C) modulus (120 °C)

Pure epoxy 2.39 2.43 0.025
1 wt% SiO2 2.01 2.73 0.023
3 wt% SiO2 2.38 2.87 0.019
5 wt% SiO2 3.07 3.00 0.029

There is a consistent decrease in the UTS of the nanocomposites with increasing
SiO2 content. The decrease in strength from that of pure epoxy is initially low for
1 and 3 wt% SiO2, but is quite significant for 5 wt% SiO2. However, the ductility
of the material increased with increasing SiO2 content, as the strain at which
failure occurs increased, especially at 5 wt% SiO2. It is unclear why, despite
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the increased plastic deformation prior to failure, the UTS of the nanocompo-
sites decreased with increasing filler content. The fracture surfaces shown in
Figures 4.40 to 4.43 highlight the increasing roughness of the surface at higher
filler contents. The rougher surface is often due to crack deflection or bifurca-
tion [166, 224], but this was more prominent only at 3 and 5 wt% SiO2, since
the surfaces at 1 wt% were still relatively smooth. Other common features ob-
served in nanocomposites such as particle pullout (debonding) or plastic void
growth [133, 166, 225] were not observed in the fracture surfaces. The micro-
cracks that formed on the rougher sections of the fracture surfaces appeared
similar to those observed in ceramic gels after shrinkage, particularly at higher
SiO2 contents as seen in Figure 4.43b. At lower SiO2 content these microcracks
appear close to the points where larger cracks are pinned or deflected (e.g. Fig-
ure 4.41b and Figure 4.42b). At 5 wt% microcracks were visible on most of the
fracture surface, although these appear to be different from those observed at 1
and 3 wt% SiO2.

The area underneath the tan � peaks in the DMA data (Figure 4.44b) is larger in
the nanocomposites than in pure epoxy due to the increased broadness of the
tan �. The larger area corresponds to an improvement in the damping ability
of the nanocomposites, meaning that they are able to dissipate energy more
effectively than pure epoxy. This is consistent with the increased roughness and
ductility of the nanocomposites (especially at 5 wt%) observed from the tensile
tests, which makes the decrease in the UTS unexpected.

4.5 Ex-situ epoxy-SiO2 nanocomposites
Ex-situ epoxy-SiO2 nanocomposites were prepared using pre-synthesized nano-
particles, both with and without surface functionalization with APTES. Fig-
ure 4.46 shows the morphology and dispersion of the unfunctionalized SiO2
particles in the epoxy. The particles (10-20 nm) generally formed agglomer-
ates between 200 nm and 2 µm. The agglomerates were also densely packed,
forming closed structures. The nanocomposites containing SiO2 functionalized
with APTES showed slight improvements in the state of dispersion, shown in
Figure 4.47. The agglomerates formed were usually smaller (200-500 nm), as
seen in Figure 4.47a and b. Larger agglomerates were fewer in number, and the
SiO2 particles were less densely packed within the agglomerates, resulting in
more porous or open structures, as highlighted in Figure 4.47c and d.
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Figure 4.46. TEM images of epoxy-SiO2 nanocomposites prepared ex situ, containing
0.5 wt% of pre-synthesized SiO2 without surface functionalization.

The pre-synthesized SiO2 particles were characterized after functionalization
withAPTES, prior tomixingwith the epoxy. TGAmeasurements of the particles
confirm thepresence ofmoisture on thenanoparticle surface, and also reveal that
the APTES constitutes ~19 % of the mass of the SiO2. BET measurements show
the particles have a specific surface area of ~58 m2 g−1, which corresponds to a
particle coverage of ~33 APTES molecules nm−2, assuming that the particles do
not agglomerate. Despite the improvement in the state of dispersion of the SiO2
whenAPTESwas used, it was still worsewhen compared to the nanocomposites
where the SiO2 was prepared in situ. This difference in the state of dispersion is
more significant when considering that the ex-situ nanocomposites contain only
0.5 wt% SiO2, in contrast to the 5 wt% SiO2 shown in Figure 4.1a.
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1 μm

Figure 4.47. TEM images of epoxy-SiO2 nanocomposites prepared ex situ, containing
0.5 wt% of pre-synthesized SiO2 with surface functionalization using APTES. (a) and
(b) show the smaller agglomerates with open structures. (d) shows a magnified region
within the agglomerate shown in (c).

Figure 4.48 shows the real relative permittivity and tan � of the ex-situ nanocom-
posite (with 0.5 wt% SiO2) compared to pure epoxy. Despite the presence of
agglomerates, both &′A and tan � of the ex-situ nanocomposites were lower than
that for pure epoxy in different frequency regions. At frequencies below ~5000
Hz, &′A of the ex-situ nanocomposite was lower. Meanwhile, tan � was lower for
the ex-situ nanocomposite above ~1 Hz. The �-relaxation showed changes simi-
lar to those observed in Figure 4.13b and d. The tan � peak for the �-relaxation
appeared as a shoulder on another peak, as shown by the right arrow in Fig-
ure 4.48b. In addition, the shape of &′A is flatter in the ex-situ nanocomposite,
and the �-relaxation appears to be taking place over a wider frequency range, as
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shown by the increase in &′A over 104 Hz. The same effect is not observed in the
shapes of &′A in the in-situ nanocomposites (Figure 4.13a and c). The new relax-
ation observed at low frequencies for the in-situ nanocomposites is also observed
in the ex-situ nanocomposites, highlighted by the left arrow in Figure 4.48b. This
relaxation is present at a lower frequency in the ex situ nanocomposites than in
the in situ nanocomposites.
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Figure 4.48. The (a) real relative permittivity and (b) dielectric loss tangent of pure
epoxy and the ex situ epoxy-SiO2 nanocomposite prepared using APTES, with 0.5 wt%
of pre-synthesized SiO2.

The complex permittivity of the ex-situ nanocomposites at higher temperatures
is displayed in Figure 4.49. The permittivity behaves similarly to the nanocom-
posites prepared in situ. The T6 for the ex-situnanocompositewas also decreased
with the low filler content, as the -relaxation emerged between 60 and 70 °C.
The LFD/EP effect is present, as evidenced by the increase in &′′A above the glass
transition at low frequencies. However, the increase in &′A and &′′A above the glass
transition is not as large as was observed for the in-situ nanocomposites with
low SiO2 content (1 wt%).

Figure 4.50 shows the fits of &′′A of the ex-situ nanocomposite to both the HN and
DH functions, and the obtained parameters. Table 4.7 compares these param-
eters for pure epoxy, the ex-situ nanocomposite, and the in-situ nanocomposite
with 1 wt% SiO2 (pH 7, 1:10 APTES:DGEBAmass ratio) from Tables 4.2 and 4.3.
The �-relaxation is observed at a lower frequency in the ex-situ nanocomposites,
and the relaxation is also narrower due to increased ordering in the dipole clus-
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4.5 Ex-situ epoxy-SiO2 nanocomposites

(a) (b)

α

α

LFD/EP

Figure 4.49. The (a) real relative permittivity and (b) imaginary permittivity of the ex
situ epoxy-SiO2 nanocomposite prepared usingAPTES,with 0.5wt%of pre-synthesized
SiO2, between 30 and 90 °C.

ters. However, the �-relaxation is alsomore asymmetric. Therefore, the presence
of the SiO2 particles in the ex-situ nanocomposites, compared to the in-situ nano-
composites, appears to lead to the O-H dipoles becoming less responsive to the
electric field, but with increased ordering in the clusters. Likewise, the new re-
laxation is also observed at a lower frequency, and the dipole clusters are more
organized in the ex-situ nanocomposites than in the in-situ nanocomposites.

The dielectric spectroscopy showed that permittivities and losses in the ex-
situ nanocomposites are comparable to the in-situ nanocomposites for small
amounts of SiO2, even if the state of dispersion is significantly poorer in the ex-
situ nanocomposites. In addition, the difference in the morphology of the SiO2
particles in the ex-situ nanocomposite results in a change in the shape of the
permittivity plot. The increase in &′A at high temperatures and low frequencies is
more restricted in the ex-situ nanocomposite. The agglomeration of the SiO2 also
results in more opaque samples, making it difficult to perform electrical treeing
measurements as the needle is no longer visible. In conclusion, the preparation
of ex-situ nanocomposites with a dispersion quality that is equal to that of the
in-situ nanocomposites is challenging, especially at higher filler contents.
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Figure 4.50. Fit of the imaginary permittivity of the ex-situ prepared nanocomposite
(0.5 wt% SiO2) to the (a)Havriliak-Negami function, and (b)Dissado-Hill function. The
parameters for the two relaxations used in each function are shown.

Table 4.7. Parameters obtained from the fits of the imaginary permittivity of pure epoxy
and epoxy-SiO2 nanocomposites (in-situwith 1 wt% SiO2 and ex-situwith 0.5 wt% SiO2)
to the Havriliak-Negami and Dissado-Hill functions.

Havriliak-Negami function

Sample �-relaxation Second relaxation term
Δ& � [s]  � Δ& � [s]  �

Pure epoxy 0.71 3.3 × 10−6 0.43 0.62 0.32 62.1 0.55 0.055
Ex-situ SiO2

a 0.70 9.4 × 10−6 0.54 0.18 0.10 6.3 1 0.12
In-situ SiO2

b 0.81 1.2 × 10−6 0.44 0.54 0.13 3.6 × 10−3 0.37 1
Dissado-Hill function

Sample �-relaxation Second relaxation term
Δ& � [s] n m Δ& � [s] n m

Pure epoxy 1.07 3.3 × 10−6 0.89 0.25 0.62 0.36 0.49 0.01
Ex-situ SiO2

a 0.70 4.6 × 10−6 0.92 0.36 0.09 3.7 0.81 1
In-situ SiO2

b 0.55 5.6 × 10−7 0.48 0.25 0.092 5.8 × 10−4 0.014 0.080
a 0.5 wt% SiO2 content.
a 1 wt% SiO2 content, prepared at pH 7 with APTES:DGEBA mass ratio of 1:10.
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4.6 Molecular dynamics simulations of epoxy-SiO2 nanocomposites

4.6 Moleculardynamics simulationsof epoxy-SiO2 nano-
composites

In this section, the molecular dynamics calculations of selected thermal and
mechanical properties of epoxy-SiO2 nanocomposites, using two different mod-
els for the SiO2 structures, are presented. The organization of the polymer chains
around the SiO2 structures is investigated, and the potential interactions of the
different molecules at the interfaces are discussed. Comparisons are made,
where possible, to the measured data to allow verification of the models built
for the MD simulations, which may be used to explain experimental results.

4.6.1 Distribution and coordination of the SiO2 in the models
The two models used to represent SiO2 in the simulations are illustrated in
Figure 4.51. In Model I, the nanoparticle is more crystalline and includes more
bonds between SiO2 units, resulting in the tertiary and quaternary Si atoms,
which are shown in Figure 4.52. Tertiary Si have 3 -O-Si bonds, and account
for ~60-80 % of the Si in Model I, while the rest of Si are quaternary Si with 4
-O-Si bonds. Since this particle is placed in the middle of a periodic unit cell,
it effectively simulates a uniform homogeneous dispersion of SiO2 particles in
the epoxy, since each particle will always have a fixed and equal distance to the
particle in the neighbouring cell.

N H O C Si

Model I Model II

Figure 4.51. Illustration exemplifying the dispersion and structure of SiO2 in the epoxy-
SiO2 nanocomposites in Models I and II, prior to cross-linking of the epoxy. The red
dotted lines show clusters of molecular SiO2 units in Model II.

153



Chapter 4 Epoxy-SiO2 nanocomposites

Quaternary Si

Si

Tertiary Si

O

Figure 4.52. Examples of quaternary and tertiary Si atoms, with 4 and 3 -O-Si bonds,
respectively, in the nanoparticles built in Model I.

On the other hand, the SiO2 in Model II consist of simple O-Si-Omolecules with
no bonds between them, and are spread randomly around amidst the DGEBA
and POPDA molecules. Therefore, Model II resembles a random dispersion of
SiO2 instead of a uniform one as in Model I. An additional difference is the
lack of surface hydroxy groups in Model II, compared to the ones added to the
nanoparticle surface in Model I.

Selected radial distribution functions (RDFs) from Models I and II are shown
in Figures 4.53 and 4.54. In Figure 4.53, the RDF plots show the density and
distribution of terminal C atoms (in the epoxide groups) and O atoms (in the
C-O-C ether groups) in DGEBA, from the quaternary and tertiary Si atoms in
the built nanoparticle (shown in Figure 3.4c). Figure 4.53 highlights how the
arrangement of the different atoms at the interfaces significantly changes with
increasing size of the nanoparticle in Model I. At 1 nm, the RDF plots exhibited
sharper andmore defined peaks, corresponding to coordination of the specified
atoms around the tertiary or quaternary Si atoms at fixed distances. As the
nanoparticle size increases, the peaks become broader and more diffuse. In all
cases, the coordination generally becomesmore uniformwith increased distance
from the particle surface. This behaviourwas consistent for the RDFs of different
atoms on the epoxy chains (as shown in Figure 4.53 for both terminal C atoms
and O atoms that are more central in the DGEBAmolecule). The RDFs obtained
from Model II (Figure 4.54) show that the coordination of the different atoms
around the Si in the SiO2 units is different to that in Model I. The changes in the
RDF with the varying SiO2 content are less significant in Model II compared to
the changes with particle size observed in Model I.
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Figure 4.53. Selected RDFs for (a,c) terminal C atoms in DGEBA (from the epoxide
groups), and (b,d) O atoms in the C-O-C ether group of DGEBA (O-polymer) with
both quaternary and tertiary Si atoms in Model I as the reference atom. The radius is
calculated from the position of the Si atoms.

The distribution and organization of the different atoms from the Si atoms
becomes uniform at a shorter distance as well compared to Model I (g(r)→1
at ~25 Å instead of >40 Å). The distance at which the RDF approaches 1 can
be used as an estimate of the extent of the interfacial region between the SiO2
and the polymer chains. In Model I with the SiO2 nanoparticles, the interface
extended up to 3-5 nm in larger particles and >5 nm for 1 nm sized particles. In
Model II with the SiO2 molecular units, the interface did not extend beyond 2
nm, and was independent of the SiO2 content.

155



Chapter 4 Epoxy-SiO2 nanocomposites

0 10 20 30 40 50
Radius [Å]

0

0.6

0.8

1

1.2

1.4

g
(r

)

Si-O polymer

1 wt%
3 wt%
5 wt%

(b)

0 10 20 30 40 50
Radius [Å]

0

0.5

1

1.5

2

2.5

3

g
(r

)

Si-O

1 wt%
3 wt%
5 wt%

(a)

Figure 4.54. Selected RDFs for (a)O atoms in the SiO2 molecular units, and (b)O atoms
in the C-O-C ether group of DGEBA (O-polymer) with Si atoms from the SiO2 in Model
II as the reference atom. The radius is calculated from the position of the Si atoms.

Table 4.8 shows the coordination numbers of selected atoms with respect to the
Si atoms in both Model I and Model II, which were obtained from the RDF
plots. In Model I, increasing the nanoparticle size generally led to a decrease
in the total coordination numbers of the various atoms around the quaternary
and tertiary Si atoms. In Model II, the total coordination of the different atoms
around the Si atoms were higher than in Model I. In addition, the coordination
numbers of neighbouring Si and O atoms decreased when increasing the SiO2
content in the system from 1 to 3 wt%, but increased slightly when the SiO2
content was increased from 3 to 5 wt%.

The coordination numbers for atoms from different parts of the epoxy chains
around the Si atoms in both Model I and Model II reveal what the closest and
most likely interactions are between the SiO2 and the polymer. In Model I the
most frequent groups surrounding the nanoparticles tend to be the groups at the
ends of DGEBA and POPDA chains that are not cross-linked, or the branching
N atoms in cross-linked chains. In addition, the RDFs confirmed that there
are fewer interactions between the atoms in the nanoparticles with the polymer
chains as the particles get larger, which is expected due to the decreasing total
interfacial area per unit volume with larger particles.

In Model II, the Si and O atoms from neighbouring SiO2 units have higher co-
ordination numbers than atoms in the epoxy chains. Therefore there is some
degree of clustering of the SiO2 units after the system is mixed in the NVT
ensemble. The clustering of the SiO2 is also illustrated in Figure 4.51, where
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4.6 Molecular dynamics simulations of epoxy-SiO2 nanocomposites

Table 4.8. Coordination numbers of selected atoms with respect to Si atoms in Model I
and II.

System N a H b C c O d NCC e Si f O g

Model I Quaternary Si atoms
1 nm 3.2 0.6 1.6 1.9 1 - -
2 nm 1.6 0.9 1.2 2.4 0.8 - -
3 nm 1.4 0.1 0.6 0.3 0.4 - -

Model I Tertiary Si atoms
1 nm 1 0.1 2.9 2.1 1.2 - -
2 nm 2.1 0.5 1.5 1.4 1 - -
3 nm 1.4 0.2 0.7 0.8 0.3 - -

Model II
1 wt% 6.5 2.3 4 4.6 4.7 9.6 9.6
3 wt% 5.3 2.4 4.3 4.7 4.9 6.5 6.4
5 wt% 5.1 2.3 3.9 4.3 4.4 7.7 7.5
a Primary amine (N) in unreacted POPDA.
b H in aromatic rings in DGEBA.
c Terminal C in unreacted epoxide group in DGEBA.
d O in C-O-C ether group in DGEBA.
e Tertiary amine (N) in POPDA linked to 2 DGEBA
molecules.

f Si atoms in SiO2 molecular units.
g O in SiO2 molecular units.

not all the individual SiO2 units are dispersed far from each other. However,
the coordination numbers of both Si and O decreased in the system with 3 wt%
SiO2, showing that the SiO2 units are less clustered for that filler content. Subse-
quently, the coordination number of the other atoms (terminal C, aromatic H, O
in the C-O-C, and the tertiary amine) to Si increased, showing that the decrease
in clustering enabled different parts of the polymer chains to approach the SiO2
units. Due to the smaller size of the SiO2 units in Model II, the epoxy chains can
surround the SiO2 to a greater degree, resulting in higher coordination numbers
compared to Model I. The change in coordination numbers with SiO2 content is
also less significant in Model II, since the individual SiO2 units do not change in
size.
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4.6.2 Thermal and mechanical properties
The calculated values of T6 , the tensile elastic moduli, and the thermal conduc-
tivities from the MD simulations are reported in Table 4.9. The measured )6
(from both DSC and DMA) and elastic moduli for epoxy-SiO2 nanocomposites
(prepared at pH 7 with APTES:DGEBA mass ratio of 1:10) are also included for
comparison. The T6 presented in Table 4.9 was measured from the intersection
between the slopes of the density-temperature plots shown in Figure 4.55, ob-
tained via linear regression at the low and high temperature ends (shown as the
dotted lines). Figure 4.56 shows the simulated tensile stress-strain behaviour for
the different systems. The fit through the data points was obtained using the
Mooney-Rivlin relation (Equation (3.9)). The elastic moduli was calculated from
the slope of the fit up to a strain of 1 %.

Increases in the cross-linking degree in pure epoxy resulted in increases in the
calculated T6 by 47% , the elasticmodulus by 65%, and the thermal conductivity
by 16 %. The measured values for T6 (from both DSC and DMA) and the elastic
modulus for pure epoxy were between those predicted with ~60 and ~90 %
cross-linking. In the nanocomposites (both Model I and Model II), a maximum
cross-linking of ~80 % was reached. The T6 calculated for Model I was closer to
that measured by DMA, whereas the T6 calculated from Model II was closer to
thatmeasured byDSC. The nanocomposites in bothmodels exhibited a decrease
initially in T6 , followed by an increase with increasing filler content (or particle
size). A similar change in the elastic moduli of the nanocomposites usingModel
II was also observed with increasing filler content or particle size. In all cases,
the nanocomposites possessed a lower T6 and elastic moduli than the pure
epoxy with 90 % cross-linking. The thermal conductivities of nanocomposites
increasedwith increasing particle size inModel I. The nanocomposites inModel
II showed a significantly larger increase in the thermal conductivities for all the
systems with different wt% of SiO2 (above 163 %).
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Figure 4.55. The simulated changes in density with temperature for (a) pure epoxy (~90
% cross-linking) and epoxy-SiO2 nanocomposites using Model I, and (b) epoxy-SiO2
nanocomposites using Model II.
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Figure 4.56. The simulated tensile elastic moduli for pure epoxy (~90 % cross-linking)
and epoxy-SiO2 nanocomposites using both Model I and Model II.
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4.6.3 Discussion
Both the T6 and the elastic modulus were predicted reasonably well by the
MD simulations. A system with a cross-linking degree between ~70 and 80
% would be the most representative model for accurately predicting the T6 of
epoxy and its nanocomposites. In reality it is difficult to achieve above ~80-90
% cross-linking, since as the epoxy cures further (as the cross-linking reactions
proceed), it becomes more difficult for the DGEBA and POPDA molecules to
diffuse around. Hence, there will always be some molecules that have not
reacted completely since they are "frozen in", thereby preventing a 100 % cross-
linking degree. The DSC measurements shown in Figure 4.45 confirm that all
possible cross-linking reactions which can take place in the nanocomposites are
completed.

In the nanocomposites, both models exhibited the same trends in the glass
transition behaviour compared to the experimental results. The effect of the
SiO2 on the mobility of the epoxy chains was therefore simulated correctly in
both cases. Deviations in the predicted properties can be attributed to the
differences in how the SiO2 is incorporated in the two models. In Model I, the
inclusion of surface hydroxy groups will affect the interactions between the Si
at the surface of the nanoparticles with the epoxy chains. While Model II does
not include hydroxy groups, more of the epoxy chains are present closer to
the SiO2 molecules. The closer proximity and interactions might explain why
the predicted T6 and elastic modulus are higher in Model II than in Model I,
especially for 5 wt% SiO2. An exception is observed for the nanocomposite with
3 wt% SiO2, where the SiO2 units are more dispersed. It is unknown why the
clustering is decreased at 3 wt% SiO2, or why the increased coordination of the
atoms from the organic molecules around the SiO2 resulted in a decrease in both
the T6 and the elastic modulus when the opposite is expected.

The calculated thermal conductivities are compared to reported values, as the
thermal conductivitywasnotmeasured in thepresentwork. Kochetov et al. [226]
reported the thermal conductivities of pure epoxy and epoxy-SiO2 nanocompo-
sites (up to 15 wt% SiO2), showing an increase from 0.168 to 0.199 W m−1 K−1.
The thermal conductivity calculated for pure epoxy in this work was more than
twice as large even for the system with 60 % cross-linking. However, the in-
crease in thermal conductivity with increasing SiO2 content was reflected in the
calculated values for the nanocomposites using both models. The increase in
the thermal conductivity was significantly larger in Model II, and the obtained
values were closer to those for thin films of SiO2 [227, 228]. The mismatch in
thermal conductivity might be caused by the assumption that themodels do not
exhibit significant diffusion. If diffusion of the SiO2 units is present in Model

161
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II, the potential energy term in the heat flux will be non-zero and its contribu-
tion must be added to the total heat flux [229]. Model I, therefore, is the better
option for estimating the thermal conductivity of the nanocomposites, since it
is not possible for the larger SiO2 nanoparticle to diffuse through the system
compared to the smaller SiO2 molecules. Thus, the system in Model I should be
more representative of the real material.

Although the MD simulations can be quite useful in characterizing epoxy nano-
composites, specific models might be more suitable for predicting different
properties under various conditions. Based on the results obtained from the
two models employed in this work, it is probable that a hybrid system would
provide a better representation of the nanocomposites. In such a hybrid system,
the SiO2 would be in particle form with a defined size, but dispersed randomly
in the epoxy rather than in a fixed uniformdistribution. The inclusion of bonded
interactions at the interfaces, via SCAs for example, can also contribute to im-
provements in the models and in the predicted thermomechanical properties of
the nanocomposites.
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5 Epoxy-TiO2 and epoxy-Al2O3 nano-
composites

This chapter discusses the in-situ synthesis of TiO2 and Al2O3 in the epoxy and
presents the resulting properties, morphologies, and structure of the nanocom-
posites. It should be noted that while the nanoparticles prepared from the
aluminium isopropoxide are referred to as Al2O3, it is likely that these inorganic
particles are some form of amorphous boehmite (AlO(OH)), which is discussed
further in Chapter 5.5.1.

5.1 Structure and morphology of the in-situ synthe-
sized TiO2 and Al2O3

The in-situ synthesized TiO2 and Al2O3 nanoparticles exhibited different mor-
phologies. Figure 5.1 shows that the TiO2 formed discrete particles with a
well-defined shape, when compared to the SiO2 clusters described in Chapter
4.1. The particles, pointed out by the arrows in Figure 5.1a, were also more
sparse than the SiO2 but well-dispersed, especially at lower TiO2 content. Gen-
erally, the particles were between 10 and 50 nm (Figure 5.1b,c), but at higher
TiO2 content they were found to also form larger agglomerates (consisting of
~150-200 nm particles), like the one shown in Figure 5.1d.

The Al2O3 on the other hand exhibited a variety of morphologies, as shown in
Figure 5.2. At lower Al2O3 contents, the particles formed diffuse clusters similar
to those observed in the epoxy-SiO2 nanocomposites (as seen in Figure 4.1a and
b), only larger in size. Most clusters were around 250 nm (Figure 5.2a), but some
large agglomerates of up to 1 µm were also found (Figure 5.2b). At higher filler
contents (e.g. 4 wt%), similar clusters (of size ~250 nm)were observed, but these
were closer to one another and were far more frequent, as seen in Figure 5.2e-g.
However, in certain parts of the samples dispersed particles between 200 nm
and 1 µm with a more defined, spherical shape were observed (Figure 5.2h).
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1 μm 500 nm

500 nm 500 nm

(a) (b)
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Figure 5.1. (a) Dark field STEM image of epoxy-TiO2 nanocomposite with 3 wt% TiO2.
(b, c, d) TEM images of epoxy-TiO2 nanocomposites with 5 wt% TiO2, exhibiting both
discrete, irregularly-shaped dispersed particles as well as spherical particles in larger
agglomerates. The arrowspoint to someof theTiO2 nanoparticles or clusters of particles.

The differences in the morphology between the TiO2 and Al2O3 nanoparticles
are reflected by the scattering profiles from SAXS, shown in Figure 5.3. The
scattering for the epoxy-TiO2 nanocomposites exhibited a Guinier plateau be-
tween 0.01 and 0.06 Å−1, with a Guinier knee at ~0.06-0.1 Å−1. Two additional
features were observed at low (~0.01 Å−1) and high (~0.2 Å−1) q. At low q, the
scattering intensity increased slightly in all the nanocomposites, whereas at high
q it appears that there was an additional but very subtle "bump" in the scattering
intensity, as pointed out by the arrow in Figure 5.3a.
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Chapter 5 Epoxy-TiO2 and epoxy-Al2O3 nanocomposites

The epoxy-Al2O3 nanocomposites exhibited scattering profiles that were similar
to those observed for epoxy-SiO2 nanocomposites (Figure 4.4a). However, unlike
in epoxy-SiO2 where several Guinier features were evident, for the epoxy-Al2O3
nanocomposites the Guinier "knee" is present only at higher Al2O3 contents.
The "knee" was observed at around 0.1 Å−1 in 4 wt% Al2O3, and between 0.2
and 0.3 Å−1 at 5 wt% Al2O3. At lower Al2O3 contents, the scattering intensity at
high q was higher than that of pure epoxy, but did not exhibit any distinguish-
able features. At low q, all the nanocomposites exhibited a linear slope in the
scattering below 0.03 Å−1.
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Figure 5.3. SAXS profiles of (a) epoxy-TiO2 and (b) epoxy-Al2O3 nanocomposites with
varying filler contents. The inset in (a) shows the Guinier plots, the slopes from which
the radii of gyration (R6) were obtained. The slopes of the plots in (b) (shown in dotted
lines) give the fractal dimension.

Table 5.1 shows the structural parameters obtained from the analysis of the SAXS
data for the nanocomposites. Guinier’s law was used to estimate the radii of
gyration (from the slope of the Guinier plots shown in the inset in Figure 5.3a)
for the TiO2 structures, fromwhich the structure size (d) was obtained. The TiO2
particles showed a slight increase in size with increasing filler content, although
the sizes estimated were an order of magnitude smaller than those observed in
the TEM images. The correlation length (�) between the domains appeared to
be independent of the TiO2 content, as the Guinier knees appear in the same q
range.
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In the epoxy-Al2O3 nanocomposites, it was expected that the formation of larger
structures seen in the TEM images would result in a feature similar to the
Guinier knee at q < 0.01 Å−1. The slopes of the linear regions at low q were
then used to estimate the fractal dimension (D) of these structures. In the Al2O3
nanocomposites D was between 2.3 and 3, although in most cases closer to
3. This indicates the formation of highly networked clusters that are close to
forming surface fractals. Additionally, at higher filler contents a Guinier knee
emerged at high q, being most noticeable for the nanocomposites with 4 and 5
wt% Al2O3. The corresponding correlation lengths were estimated to be 2-6 nm
at high filler contents, and below 2 nm for 2 and 3 wt% Al2O3.

Table 5.1. Parameters obtained from fits of the Guinier and the power-law models for
epoxy-TiO2 and epoxy-Al2O3 nanocomposites.

Filler R6 [Å] d [nm] D Position of Guinier knee [Å−1] � [nm]

TiO2
a

1 wt% 12.9 3.3 - 0.05-0.1 6.3-12.6
3 wt% 14.3 3.7 - 0.05-0.1 6.3-12.6
5 wt% 17.1 4.4 - 0.05-0.1 6.3-12.6

Al2O3
b

1 wt% - - 3 - -
2 wt% - - 2.8 > 0.3 < 2.1
3 wt% - - 2.3 > 0.3 < 2.1
4 wt% - - 3 0.11-0.2 3.1-5.7
5 wt% - - 2.9 0.2-0.3 2.1-3.1
a No power-law region was observed at high q.
b No Guinier plateau observed, and no suitable fits could be made to the Unified model.
The fractal dimension was obtained from the slope of the power-law region at low q.

The progress of the hydrolysis and condensation of the TIP is shown in the IR
spectra in Figure 5.4a and b. The bands assigned to Ti-O (485 cm−1 [94]) and Ti-
O-C (1009 and 1121 cm−1, respectively [94, 230, 231]) in the alkoxide are present
initially, but disappear quickly as the hydrolysis and condensation reactions
proceed. The O-H band at around 3500 cm−1 is present from the time when
the TIP (mixed in anhydrous 2-propanol) is added. The Ti-O-Si band at 949
cm−1 [232] is also present. As the reactions proceeded over 3 h, a broader band
is observed between 600 and 700 cm−1 with sharp features that correspond to
Ti-O-Ti bonds [15, 94]. In the cured nanocomposites (Figure 5.4c) no significant
differences are observed from the pure epoxy, with the exception of the Ti-O-Ti
band.
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Figure 5.4. (a,b) FTIR spectra of the in-situ sol-gel reaction mixture during the synthesis
of TiO2 in epoxy (5 wt%). (c) FTIR spectra of the cured epoxy-TiO2 nanocomposite
compared to that of pure epoxy. All the spectra were normalized to the peak at 1509
cm−1.

The subsequent changes in T6 with filler content of the epoxy-TiO2 and epoxy-
Al2O3 nanocomposites are shown in Figure 5.5a. T6 was higher for the epoxy-
TiO2 nanocomposites than for pure epoxy, although there was a large decrease
in T6 between 3 and 5wt% of TiO2. For the epoxy-Al2O3 nanocomposites, the T6
varied with filler content. The nanocomposites containing 1 and 4 wt% of Al2O3
exhibited a slightly lower T6 , and those containing 2, 3, and 5 wt% exhibited a
higher T6 than pure epoxy.

Figure 5.5b shows the thermogravimetric analysis of the epoxy-TiO2 nanocom-
posites. Like the epoxy-SiO2 nanocomposites, the epoxy-TiO2 nanocomposites
started decomposition at ~340 °C, whereas the pure epoxy began its thermal de-
composition at 320 °C. The thermal stability of the epoxy-TiO2 nanocomposites
at higher temperatures increased with the filler content, as seen by the position
of the plateau in the TGA plots between 400 and 500 °C which shifted to higher
amounts of remaining mass with increased TiO2 content.
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Figure 5.5. (a) Glass transition temperature (T6) of the epoxy-TiO2 and epoxy-Al2O3
nanocomposites as a function of the filler content. The error in the T6 is ± 2 °C. (b) The
thermogravimetric analysis of epoxy-TiO2 nanocompositeswith different TiO2 contents.

5.2 Dielectric properties
The real relative permittivities (&′A) and tan � for the epoxy-TiO2 and epoxy-
Al2O3 nanocomposites at room temperature are presented in Figure 5.6. The
TiO2 nanocomposites exhibited an increase in &′A at 1wt%TiO2, which decreased
below that of pure epoxy for 3 wt% TiO2. At 5 wt% however, &′A is lower than
that of pure epoxy only below ~4.8 × 104 Hz. The permittivity curve is therefore
flatter, similar to that observed for the ex-situ epoxy-SiO2 nanocomposite (Fig-
ure 4.48a). The changes in the tan � for the epoxy-TiO2, shown in Figure 5.6b,
are similar to those observed for the in-situ epoxy-SiO2 nanocomposites (Fig-
ure 4.13). The �-relaxation is no longer an individual peak but appears as a
shoulder on another peak, and the relaxation is smaller (lower tan �) above 100
Hz for the nanocomposites with 3 and 5 wt% TiO2. In addition, the new re-
laxation from the TiO2 nanoparticles is observed at a lower frequency (between
10−1 and 102 Hz, as indicated by the arrow in Figure 5.6b), and is stronger than
in the epoxy-SiO2 nanocomposites.

Meanwhile, the Al2O3 nanocomposites exhibited a decrease in &′A , although the
decrease was not uniform at all frequencies. The same changes were observed
for the �-relaxation in the tan � as in the epoxy-TiO2 nanocomposites, although
the decrease in tan � was larger in the epoxy-TiO2 than in the epoxy-Al2O3
nanocomposites. However, the new relaxation observed in the epoxy-SiO2 and

169



Chapter 5 Epoxy-TiO2 and epoxy-Al2O3 nanocomposites

the epoxy-TiO2 nanocomposites at low frequencies was evident for only 2 and
5 wt% Al2O3, where an increase in tan � was observed that did not resemble a
typical tan � peak.
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Figure 5.6. (a,c) Real relative permittivities and (b,d) loss tangents for (a,b) epoxy-TiO2
and (c,d) epoxy-Al2O3 nanocomposites at room temperature. The arrows in (b) and (d)
show the �-relaxation and the new relaxation from the nanoparticles (NP).

The fits of the imaginary permittivities (&′′A ) to the Dissado-Hill (DH) and
Havriliak-Negami (HN) functions are shown in Figures 5.7 and 5.8, respectively,
and Tables 5.2 and 5.3 show the parameters obtained for the fits.
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Figure 5.7. Fits of the imaginary permittivities of epoxy-TiO2 (top row) and epoxy-Al2O3
(bottom row) nanocomposites to the Dissado-Hill function.
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Figure 5.8. Fits of the imaginary permittivities of epoxy-TiO2 (top row) and epoxy-Al2O3
(bottom row) nanocomposites to the Havriliak-Negami function.
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Table 5.2. Parameters obtained from the fits of the imaginary permittivity of the epoxy-
TiO2 and epoxy-Al2O3 nanocomposites to the Dissado-Hill function.

Sample �-relaxation Second relaxation term
Δ& � [s] n m Δ& � [s] n m

Pure epoxy 1.07 3.3 × 10−6 0.89 0.25 0.62 0.36 0.49 0.01
Epoxy-TiO2 nanocomposites

1 wt% 1.16 3.3 × 10−6 0.89 0.25 0.43 4.3 × 10−1 0.74 0.03
3 wt% 1.46 6.4 × 10−6 0.96 0.26 0.34 7.0 × 10−2 0.71 0.07
5 wt% 1.06 3.2 × 10−6 0.95 0.32 0.23 3.7 × 10−2 0.80 0.14

Epoxy-Al2O3 nanocomposites

1 wt% 1.01 2.9 × 10−6 0.91 0.26 0.10 7.1 × 10−3 0.19 0.05
3 wt% 1.16 5.7 × 10−6 0.93 0.24 0.10 2.7 × 10−2 0.14 0.05
5 wt% 1.57 4.6 × 10−6 0.95 0.26 0.85 1.3 × 10−2 0.40 0.01

Table 5.3. Parameters obtained from the fits of the imaginary permittivity of the epoxy-
TiO2 and epoxy-Al2O3 nanocomposites to the Havriliak-Negami function.

Sample �-relaxation Second relaxation term
Δ& � [s]  � Δ& � [s]  �

Pure epoxy 0.71 3.3 × 10−6 0.43 0.62 0.32 62.1 0.55 0.055
Epoxy-TiO2 nanocomposites

1 wt% 0.79 3.8 × 10−6 0.44 0.54 0.36 1.6 0.16 1
3 wt% 0.89 1.5 × 10−5 0.48 0.19 0.24 1.0 0.39 0.55
5 wt% 0.85 5.2 × 10−6 0.50 0.19 0.22 9.3 × 10−2 0.33 0.82

Epoxy-Al2O3 nanocomposites

1 wt% 0.65 1.7 × 10−6 0.43 0.66 0.10 4.9 × 10−2 0.30 0.93
3 wt% 0.75 7.7 × 10−6 0.42 0.41 0.09 1.4 × 10−1 0.31 0.99
5 wt% 0.85 9.7 × 10−6 0.47 0.26 0.17 2.0 × 10−1 0.29 1

For the �-relaxation, � exhibited similar changes in both models for the epoxy-
TiO2 samples, initially increasing until 3 wt% of TiO2 was added, then a slight
decrease at 5 wt% TiO2. In the epoxy-Al2O3 samples, � initially decreased for
1 wt% Al2O3, and then increased for higher Al2O3 contents. Both types of
nanocomposites showed increases in both the  and the n parameters (in the
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HN and DH models, respectivley) for the �-relaxation. The m parameter in the
DH model showed only a small increase at higher filler contents in the epoxy-
TiO2 nanocomposites. The � parameter for the �-relaxation showed a general
decrease with increasing filler content for both types of nanocomposites.

The changes in � are less consistent between the two different models in the new
(second) relaxation for the nanocomposites, but generally � is smaller at higher
TiO2 contents and larger at higher Al2O3 contents. In the DH model, n for the
new relaxation exhibited a decrease from 1 to 3 wt%, then an increase from 3
to 5 wt% for both types of nanocomposites. m increased with increasing TiO2
content and with decreasing Al2O3 content. In the HN model, however, the 
parameter for the new relaxation increased between 1 and 3 wt% TiO2, and then
decreased between 3 and 5 wt% TiO2. The � parameter was lower at 3 and 5
wt% TiO2 than at 1 wt% TiO2. In the epoxy-Al2O3, both the  and � parameters
in the HN model showed little change.

Figures 5.9 and 5.10 show the real permittivities of epoxy-TiO2 and epoxy-Al2O3
nanocomposites at higher temperatures. For the epoxy-TiO2 nanocomposites,
the increase in &′A above the glass transition was larger at higher TiO2 contents,
and the -relaxation emerged at an earlier temperature as the TiO2 content
was increased. This was most noticeable for 5 wt% TiO2, as shown in Figure 5.9,
where the relaxationwas first seen at 50 °C. In the epoxy-Al2O3 nanocomposites,
the increase in &′A above the glass transition was stunted in the nanocomposites
with a higher Al2O3 content (as seen in the bottom right plot of Figure 5.10).
Additionally, the -relaxation was also delayed at 3 wt% Al2O3 compared to at
1 wt% and 5 wt%, emerging first at 80 °C instead of 60-70 °C.

Figure 5.11 shows the imaginary moduli for the epoxy-TiO2 and epoxy-Al2O3
nanocomposites between 30 and 90 °C. The same trends observed in the real
permittivities with increasing temperature were observed in M" as well. As
the TiO2 content was increased, the peak in M" for the LFD shifted to higher
frequencies for a given temperature, and the -relaxation peak was observed at
lower temperatures. In the epoxy-Al2O3 nanocomposites, the M" peak for the
-relaxation was observed at 70 and 80 °C for 1 and 5 wt% Al2O3, and at 90 °C
for 3 wt% Al2O3, which is consistent with the observations from Figure 5.10.
However, even though the increase in &′A due to the LFD/EP effect was restricted
at 5 wt%Al2O3, the corresponding peak inM" was shifted to a higher frequency
compared to the nanocomposite with 3 wt% Al2O3. In addition, a clear peak in
M" was observed for the new relaxation associated with the nanoparticles in the
epoxy-TiO2 nanocomposites (pointed out by the arrows in Figure 5.11), but no
such peak was observed for the epoxy-Al2O3 nanocomposites.
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5.3 Electrical treeing resistance

5.3 Electrical treeing resistance
Figures 5.12 and 5.13 show the morphology of the trees grown in different
TiO2 and Al2O3 nanocomposites, respectively. Table 5.4 summarizes selected
properties related to the electrical treeing behaviour. Like the epoxy-SiO2 nano-
composites, the trees began growing immediately after the voltage was set to 10
kV after tree initiation. Of the 20 samples of both the TiO2 and Al2O3 nanocom-
posites that were tested, trees were initiated in 6 of each type of nanocomposite.

50 μm

(a)

0.5 mm

(b)

0.5 mm

(c)

0.5 mm

(d)

1 2

3 4

Figure 5.12. Optical images of the trees grown in epoxy-TiO2 nanocomposites with 5
wt% TiO2. The numbers refer to the sample number in Table 5.4. The trees were grown
at 10 kV, except in (d), which was grown at 15 kV. Unedited images of the trees are
shown in Figure B.7

The epoxy-TiO2 nanocomposites exhibited different growth behaviours and tree
morphologies from sample to sample, but all of them demonstrated a larger
resistance to tree propagation than pure epoxy. As seen in Table 5.4, the growth
rates measured were lower than those observed for pure epoxy (Table 4.4).
In sample 1, the tree did not exhibit any growth at 10 kV (Figure 5.12a). In
sample 3, a dense and bushy tree formed with much thicker channels, which
stopped growing after ~30 min at 10 kV (Figure 5.12c). Other trees were found
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to grow quite linearly with a low degree of extended branching. The primary
tree channels were quite thick (~5-10 µm) but the branches were narrow (< 2
µm). Sample 4 (Figure 5.12d) did not exhibit any growth at 10 kV, but grew at
15 kV.

The epoxy-Al2O3 nanocomposites on the other hand showed extremely slow
growth at 10 kV. While sample 7 exhibited no growth after initiation (Fig-
ure 5.13a), the others showed limited growth over 1 h, where the trees reached
lengths of only 100-200 µm. The tree channels were also thinner than those ob-
served in pure epoxy or the other nanocomposites (with the exception of the S2
and S3 nanocomposites). Another difference between the two types of nanocom-
posites is in the initiation voltages. For most of the epoxy-TiO2 nanocomposites,
trees initiated at lower voltages than in pure epoxy. Trees in the epoxy-Al2O3
nanocomposites all initiated at 25 kV, and often required comparatively longer
times before initiation.

50 μm

(a)

200 μm

(b)

200 μm

(c)

100 μm

(d)

7 8

9 10

Figure 5.13. Optical images of the trees grown in epoxy-Al2O3 nanocomposites with 5
wt%Al2O3. The numbers refer to the sample number in Table 5.4. The treeswere grown
at 10 kV. The red circles show the limited extent of the tree growth after initiation.
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One of the epoxy-TiO2 nanocomposites (sample 4) and three of the epoxy-Al2O3
nanocomposites (samples 10-12) where trees were initiated but did not grow
at 10 kV, were then exposed to 15 kV voltage. The tree grown in the epoxy-
TiO2 is shown in Figure 5.12d, and the trees grown in epoxy-Al2O3 are shown
in Figure 5.14. The growth of the tree in epoxy-TiO2, while faster than at 10
kV, was still slower than in pure epoxy at 10 kV. However, in the epoxy-Al2O3
nanocomposites, the trees grew significantly faster at 15 kV. Table 5.5 shows
the properties of the trees grown at 15 kV in epoxy-Al2O3 nanocomposites. In
addition to the faster growth, the trees in epoxy-Al2O3 nanocomposites grew
much more linearly and straight towards the ground electrode, with very little
branching. In comparison, the tree grown in the epoxy-TiO2 nanocomposite
at 15 kV grew more horizontally than vertically, moving towards the ground
electrode at an angle instead of straight down.

Table 5.5. Electrical treeingproperties in epoxy-Al2O3 nanocompositeswith trees grown
at 15 kV.

Sample Growth rate Horizontal Average channel
No. [mm min−1] spread [mm] width [µm]

10 0.136 0.71 1.8
11 0.179 0.69 2.5
12 0.092 0.44 2.7

The partial discharge properties during tree growth in the epoxy-TiO2 and
epoxy-Al2O3 nanocomposites generally showed similar developments as in the
epoxy-SiO2 nanocomposites with a few exceptions. Both wing and turtle-like
PD patterns were observed, although the PD activity and magnitudes were
consistently higher in the epoxy-TiO2 than the epoxy-Al2O3 nanocomposites.
Figure 5.15 shows the PRPD patterns for selected epoxy-TiO2 nanocomposites.
Samples 1, 2, 5, and 6 exhibited similar PDpatterns over time, and representative
PD from sample 2 is shown in the top row of Figure 5.15. The wing-like PD
persisted until 25 min, and the PD magnitude increased with time. Sample 3,
which formed the bushy tree (Figure 5.12c) showed the highest PD activity and
magnitude, shown in the bottom row of Figure 5.15. In addition to the regu-
lar wing-like PD, which reached discharge levels up to 0.2 nC, sharp rabbit-ear
shaped PDpatternswere also observed (shown by the red arrows in Figure 5.12).
These PDs were also disconnected from the other regions of wing-like PD.

180



5.3 Electrical treeing resistance

10
0 
μ

m

(c
)

(f
)

0.
5 

m
m

20
0 
μ

m

(b
)

0.
5 

m
m

(e
)

20
0 
μ

m

0.
5 

m
m

(a
)

(d
)

10
11

10
11

12 12

Fi
gu

re
5.
14

.O
pt
ic
al

im
ag

es
of

th
e
tr
ee
sg

ro
w
n
in

ep
ox

y-
A
l 2
O

3
na

no
co
m
po

si
te
sw

ith
5
w
t%

A
l 2
O

3
at

15
kV

.(
a)
-(c

)s
ho

w
th
e

tr
ee
sa

tt
he

st
ar
t(
w
he

n
gr
ow

n
at

10
kV

),
an

d
(d
)-(
f)
sh

ow
th
e
co
rr
es
po

nd
in
g
tr
ee
sa

fte
rg

ro
w
th

w
as

co
m
pl
et
e.

Th
e
nu

m
be

rs
re
fe
rt
o
th
e
sa
m
pl
e
nu

m
be

ri
n
Ta

bl
e
5.
4.

Th
e
re
d
ci
rc
le
ss

ho
w

th
e
ex
te
nt

of
th
e
tr
ee

gr
ow

th
at

10
kV

.U
ne

di
te
d
im

ag
es

of
th
e

tr
ee
sa

re
sh

ow
n
in

Fi
gu

re
B.
9

181



Chapter 5 Epoxy-TiO2 and epoxy-Al2O3 nanocomposites

0-5 min 20-25 min

2 2

3 3

0-5 min 25-30 min 40-45 min

3

Figure 5.15. Phase-resolved partial discharge patterns for selected samples of epoxy-
TiO2 nanocomposites, showing different time periods during tree growth at 10 kV. The
numbers indicate which samples in Table 5.4 the PRPD plots corrspond to. The blue
and orange arrows indicate wing-like and turtle-like PD regions, respecitvely, and the
red arrows indicate sharper disconnected wing-like PD patterns.

Figure 5.16 shows representative examples of the PRPD patterns in the epoxy-
Al2O3 nanocomposites when trees were grown at both 10 and 15 kV. Despite the
limited tree growth, thewing-like PDwere present throughout the entire period
(~60-90 min) at 10 kV, and only an increase in the magnitude of the wing-like
PDwas observed with time. At 15 kV, however, the tree growth was much faster
(~9-15 min), and the PD activity was significantly lower. Only a turtle-like PD
region formed prominently, as seen furthest right in Figure 5.16, with very few
scatterings of wing-PD.

Figure 5.17 shows the PRPD patterns for the single epoxy-TiO2 nanocomposite
(sample 4) where the tree was grown at 15 kV. Both the PD magnitude and
activity were higher than in the epoxy-Al2O3 nanocomposites where the trees
were grown at 15 kV, with discharges reaching up to 0.1 nC. The PD activity
increased significantly after 20 min, consisting primarily of wing-like PD. After
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5.3 Electrical treeing resistance

30min, bothwing- and turtle-like PDwere prominent throughout the remainder
of the treeing duration, with PD reaching 0.08 nC.

0-30 min 60-90 min

10 kV 10 kV 15 kV

0-16 min

Figure 5.16. Representative phase-resolved partial discharge patterns for epoxy-Al2O3
nanocomposites, showing different time periods during tree growth at both 10 and 15
kV.

0-10 min 10-20 min 20-30 min

30-40 min 40-50 min 50-60 min

Figure 5.17. Phase-resolved partial discharge patterns for epoxy-TiO2 nanocomposite
with tree grown at 15 kV. The blue and orange arrows indicate wing-like and turtle-like
PD regions, respecitvely.
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5.4 Mechanical properties of the epoxy-TiO2 nanocom-
posites

The measured tensile properties of the epoxy-TiO2 nanocomposites with dif-
ferent TiO2 contents are displayed in Figure 5.18. The average elastic modulus
increased steadily with increasing TiO2 content. The UTS also improved with
increasing TiO2 content, with a large increase in the strength between 3 and 5
wt% TiO2. The strain at failure was significantly lower in the nanocomposites
compared to the pure epoxy, and the decrease frompure epoxywas largest upon
addition of 1 wt% TiO2. However, with further increases in the TiO2 content,
there was a slight increase in the strain at failure, albeit still lower than that of
pure epoxy.

Figures 5.19 to 5.21 show the fracture surfaces of epoxy-TiO2 nanocomposites
containing 1, 3, and 5 wt% TiO2, respectively. The origins of the failures were
defects in the interior of the specimen (instead of on the edges), which are
highlighted by the red arrows in the figures.

For 1 wt% TiO2 (Figure 5.19a), the fracture surface formsmirror, mist and hackle
regions, similar to that observed in the epoxy-SiO2 nanocomposites with 5 wt%
SiO2. One feature that is different is that all the cracks that radiate outwards
from the fracture origin deflect almost perpendicularly at the ends of the mist
region, as shown by the black arrows. The hackle region, shown in Figure 5.19b,
is rougher than that in the epoxy-SiO2 nanocomposite. Figure 5.19c shows
the fracture origin, which looks quite dissimilar to the fracture origins in pure
epoxy and the epoxy-SiO2 nanocomposites. The surface is rougher, and contains
multiple small holes of size 0.1-2 µm which are pointed out by the blue arrows.

Similar features are observed at higher TiO2 contents. For 3 wt% TiO2 (Fig-
ure 5.20), there is a gap between the mist and hackle regions in which the
fracture surface is smooth in certain parts right after the cracks deflect, as shown
by the yellow-marked region in Figure 5.20a. The specimen in Figure 5.20a also
had two fracture origins, marked by the red arrows, resulting in the failure oc-
curring at different planes in the specimen. Magnified images of both fracture
origins are shown in Figure 5.20b and c, where similar features were observed.
Figure 5.20d shows the fracture origin in a different specimen with 3 wt% TiO2,
where the voids were less numerous than those shown in Figure 5.20b and c.
The holes observed in 3 wt% TiO2 (Figure 5.20b-d) were more numerous than at
1 wt% TiO2. In addition, some regions close to the holes had remnant material
from the opposite fracture surface. These are marked by the purple arrows, and
may correspond to pullouts of the TiO2 particles.

184



5.4 Mechanical properties of the epoxy-TiO2 nanocomposites

0
1

3
5

F
ill

er
 c

on
te

nt
 [w

t%
]

2345
E-modulus [GPa]

0
1

3
5

F
ill

er
 c

on
te

nt
 [w

t%
]

7
0

7
4

7
8

8
2

Ultimate tensile strength [MPa]

0
1

3
5

F
ill

er
 c

on
te

nt
 [w

t%
]

051
0

1
5

2
0

2
5

Strain at failure [%]

(a
)

(b
)

(c
)

Fi
gu

re
5.
18

.T
he

te
ns

ile
pr
op

er
tie

so
ft
he

ep
ox

y-
Ti
O

2
na

no
co
m
po

si
te
sa

sa
fu
nc

tio
n
of

fil
le
rc

on
te
nt
:(
a)

th
e
el
as
tic

m
od

ul
us

,
(b
)t
he

ul
tim

at
e
te
ns

ile
st
re
ng

th
,a

nd
(c
)t
he

st
ra
in

at
fa
ilu

re
.

185



Chapter 5 Epoxy-TiO2 and epoxy-Al2O3 nanocomposites

0.5 mm 0.25 mm

15 μm

(d)

(a) (b)

50 μm

(c)

Figure 5.19. The fracture surfaces of epoxy-TiO2 nanocomposites with 1 wt% TiO2. In
(a), the black arrows point out where the crack front bends away in the mist region and
the red arrowshow the fracture origin. (b) shows amagnified imageof thehackle region.
(c) shows a magnified image of the fracture origin in (a). (d) shows a magnification of
the central region in (c), with the blue arrows showing the spherical holes in the fracture
origin.

Figure 5.21a shows similar developments in nanocomposites with 5 wt% TiO2.
An additional feature was present at the ends of the deflected cracks in the mist
region. Some of the cracks, indicated by the green arrows in Figure 5.21b, start
forming parabolic lines and markings before the surface roughness increased
and the hackle region formed. These were also observed in a different specimen
and are shown more clearly in Figure 5.21c. At the fracture origin, shown in
Figure 5.21d, regions of suspected particle-pullouts are present, although the
voids and holes were less frequent than at lower TiO2 contents. However, larger
voids were more frequent.

5.5 Discussion

5.5.1 Formation of TiO2 and Al2O3 nanoparticles
The nanocomposites with TiO2 and Al2O3 were prepared with a lower mass
ratio of APTES:DGEBA (1:30 instead of 1:10). The use of excess APTES runs
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0.5 mm 25 μm

50 μm

(a) (b)

(d)

50 μm

(c)

Figure 5.20. The fracture surfaces of epoxy-TiO2 nanocomposites with 3 wt% TiO2.The
yellow shaded region in (a) shows smoother regions between the mist and hackle
regions. (b) and (c) show magnified images of the fracture origins in (a). (d) shows the
fracture origin in a different sample. The black and red arrows show crack deflections
and the fracture origins, respectively. The purple arrows show regions were particle-
pullout is suspected.

the risk of preferential condensation of the APTES molecules with each other
instead of with the alkoxide precursors. Preferential condensation may lead to
a mixture of SiO2 structures forming instead of the APTES binding the TiO2 or
the Al2O3 with the DGEBA molecules.

The differences in the morphologies of the TiO2 and Al2O3 nanoparticles (Fig-
ures 5.1 and 5.2) suggest differences in the reactions of the two precursors. In
the case of TIP, Ti4+ can expand its coordination when unsaturated via different
reactions (e.g. olation, oxolation, alkoxy bridging). However, TIP in 2-propanol
is monomeric [14, 233], and due to the high oxidation state of the Ti4+ it is less
stable towards hydrolysis. The fast hydrolysis is evidenced in how quickly the
Ti-O-C bands became weaker in the FTIR spectra alongside the emergence of
the O-H band (Figure 5.4). The formation of highly condensed TiO2 particles
with a defined shape, as seen in Figure 5.1, is consistent with the morphologies
observed in TiO2 prepared in other works [72, 92, 103] using both aqueous and
non-aqueous in situ sol-gel syntheses. The SAXS profiles of these nanocompo-
sites (Figure 5.3a) show a single Guinier feature with a plateau at lower q. Such
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(a)

25 μm 50 μm

1 mm

(a)

(c) (d)

250 μm

(b)

Figure 5.21. The fracture surfaces of epoxy-TiO2 nanocomposites with 5 wt% TiO2.
The yellow shaded region in (a) shows smoother regions between the mist and hackle
regions in the fracture surface. (b) shows the parabolic features in the magnified region
marked by the green dotted square in (a). (c) shows parabolic features in a different
specimen. The green arrows point out these parabolic features. (d) shows the fracture
origin marked by the blue dotted square in (a). The black and red arrows show crack
deflections and the fracture origins, respectively. The purple arrows show regions were
particle-pullout is suspected.

a feature shows that the scattering objects in the material are discrete structures,
and are not aggregated or part of a hierarchical structure. This description of the
TiO2 from the SAXS is consistent with the morphologies observed in the TEM.
However, the sizes of the particles obtained from Guinier’s law are an order of
magnitude smaller than those observed in the TEM - 3-5 nm instead of 10-40 nm.
Additionally, the position of the Guinier knee is at the same scattering vector ir-
respective of the TiO2 content, implying the same correlation length between all
the nanoparticles. The correlation lengths are inconsistent with the spacing of
the particles observed in TEM, where smaller groups of particles were observed
at significantly larger distances, with several µm between the different groups.
It is possible that the majority of the TiO2 particles are much smaller and were
not observed by the TEM. The SAXS probes a larger volume of the material, and
provides an average structure.
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Several authors [234–236] have reported the formationof titanium-oxo-alkoxy (or
polyalkoxide) clusters (TiOa(OH)b(OR)4-2a-b) from hydrolysis of TIP, with sizes
in the range of 0.5-2.5 nm [233]. Figure 5.22 shows the structure of the simplest
cluster that can form from TIP (Ti3O(OR)10). The clusters are usually obtained
from hydrolysis with low molar ratio of H2O:TIP [237]. A higher ratio results
in the eventual precipitation of TiO2. Simonsen and Søgaard [234] reported the
formation of such clusters using a molar ratio of 2.7, forming clusters in size ~3
nm initially. The clusters grew in an induction period, which was dependent
on the pH, to ~30 nm through hydrolysis and condensation of surface alkoxy
groups in the clusters. For neutral conditions (pH 7), the induction period was
~1 h. Similar polyalkoxide clusters might have formed during the synthesis of
the in-situ nanocomposites, which were prepared with a H2O:TIP molar ratio of
2. The clusters may have initially formed due to absorption of small amounts of
moisture fromair into the anhydrous 2-propanol. At sufficiently lowmolar ratios
of H2O:TIP (< 1), hydrolysis of TIP forms a stable solution of these clusters [234].
Subsequent addition of water mixed in 2-propanol, resulting in a molar ratio >
1.5, led to the precipitation of larger TiO2 particles, which are seen in Figure 5.1.
The formation of a large number of such polyalkoxide clusters, with a few larger
particles, can explain the discrepancy between the TEM images (where the larger
precipitated particles are observed) and the SAXS data (where the scattering is
primarily caused by the smaller polyalkoxide clusters).

Ti with CN 6
OR

O

Figure 5.22. Structure of the Ti3O(OR)10 cluster formed from TIP, with 6 coordinated Ti
atoms.

The structures formed by the hydrolysis and condensation of aluminium alkox-
ides depend on the steric hindrance of the alkoxide groups [14]. AIP con-
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tains secondary alkoxides, which are sterically more bulky, and unhydrolysed
monomers can associate to form oligomers via alcolation. Figure 5.23a shows a
possible dimer structure that can be formed from this alcolation, which proba-
bly occurs when the AIP is mixed with the anhydrous 2-propanol prior to the
mixing with DGEBA and the addition of water. The alcolation therefore results
in the formation of less constrained linear species rather than octahedrally coor-
dinated, symmetrical structures [14]. As a result, more open and porous fractal
structures of the Al2O3 are formed. These structures are evidenced in the SAXS
profiles (Figure 5.3b), which resembled those for the epoxy-SiO2 nanocompo-
sites prepared at pH 11 with a reduced amount of APTES. All the epoxy-Al2O3
nanocomposites exhibited fractal dimensions of -2.3 to -3. Additionally, the
knee-like feature at high q suggests that the Al2O3 also has a hierarchical struc-
ture like the SiO2, but with smaller primary structures and larger secondary
structures. However, the unified model could not be applied since the Guinier
knee for the secondary structural level lies outside the measured q range. The
interconnected networks with surface fractal features are also observed in the
TEM images (Figure 5.2a-g). The morphology of the Al2O3 is similar to that of
the SiO2 (shown in Figure 4.1a-d), only with much larger clusters (> 200 nm).

Al

RO
R
O

RO O
R

Al

OR

OR

OH

Al

O

O

O

Al

O

OH

O

Al

OH

O

O

Al

HO

Al

OH

O

O

(a) (b)

Figure 5.23. (a) The dimer formed from alcolation of aluminium isopropoxide in the
absence of water. (b) The structure of the amorphous boehmite that forms from the
hydrolysis and dehydration of the dimer.

Usually, AIP hydrolyses to form aluminium hydroxide, Al(OH)3, which then
forms a pseudo-boehmite (AlO(OH)) through dehydration (condensation) [49,
238, 239]. Al2O3 does not form from the AlO(OH) unless calcined at higher
temperatures (420 °C for �-Al2O3) [49]. It is therefore very likely that the in-
organic nanoparticles formed in these nanocomposites are not really Al2O3,
but a pseudo-Al2O3 structure resembling amorphous boehmite (Figure 5.23b).
X-ray diffraction (XRD) measurements revealed no trace of crystallinity in the
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nanocomposites, and selected area electron diffraction (SAED) in TEM from the
particles confirmed the amorphous nature of both the TiO2 and Al2O3 particles.

In some cases (e.g. 4 wt% Al2O3), large and spherically-defined particles were
observed in some regions (Figure 5.2h). It is possible that some of the clusters
may condense to amore compact, closedparticle during the curingprocess, since
the temperature is slightly higher than during the in-situ reactions, resulting in
larger and more defined structures, as seen in Figure 5.2h.

5.5.2 Dielectric properties of the nanocomposites
&′A decreased in both epoxy-TiO2 and epoxy-Al2O3 nanocomposites, meaning a
decrease in the degree of polarization in the material with increasing filler con-
tent. Similar effects of the inclusion of TiO2 or Al2O3 in epoxy nanocomposites
have been demonstrated in several works. Singha and Thomas [4] demon-
strated decreases in both &′A and tan � for epoxy-TiO2 (compared to pure epoxy).
Kochetov et al. [140] andMaity et al. [162] both showeddecreases in &′A for epoxy-
Al2O3 nanocomposites. However, the nanocomposites generally had lower &′A
for filler contents ≤ 1 wt%. Kochetov et al. also showed how increasing the filler
content above 2wt% in epoxy-Al2O3 nanocomposites led to increases in &′A [140].
In addition, other works have also demonstrated increases in &′A and tan � upon
addition of TiO2 nanoparticles [69, 137].

Even though both the epoxy-SiO2 and epoxy-Al2O3 nanocomposites exhibited
decreases in tan � in the �-relaxation, they did not show the same change in
the shape of &′A as observed in the epoxy-TiO2 nanocomposites. The fits to
the HN function suggest that with increasing filler content, the O-H dipoles
in both the epoxy-TiO2 and the epoxy-Al2O3 nanocomposites have a slightly
narrower, but increasingly asymmetric distribution of relaxation times. The fits
to the DH function indicate that there is increasing order within the O-H dipole
clusters in both types of nanocomposites. However, the interactions between the
dipole clusters (described by m) are less affected in the epoxy-Al2O3 than in the
epoxy-TiO2 nanocomposites. The fragmentation of the dipole clusters increased
at higher TiO2 contents, as evidenced by the higher m [240]. This difference
suggests that O-H dipoles are interacting differently with the TiO2, compared to
the SiO2 and the Al2O3. Similar changes, both in &′A and the m parameter in the
DH function, are observed in the ex-situ epoxy-SiO2 nanocomposites (Figure 4.48
and table 4.7).

Other changes to the O-H dipoles (and therefore the �-relaxation) were more
similar in both the epoxy-TiO2 and the epoxy-Al2O3 nanocomposites (Tables 5.2
and 5.3). The O-H dipoles became stiffer than in pure epoxy, which may be
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caused by restrictions of the dipole movement due to the nanoparticles. The
new relaxation at low frequencies associated with the nanoparticles (shown
in Figure 5.6b) was more prominent in the epoxy-TiO2 than the epoxy-Al2O3
nanocomposites. The corresponding dipoles for this relaxation were also less
mobile in the epoxy-TiO2 nanocomposites. The relaxation was more symmetric
in the epoxy-Al2O3, indicating that the response of the dipoles in the Al2O3
nanoparticles was more uniform.

At temperatures above T6 , the same LFD/EP effect was also observed in the
epoxy-TiO2 and the epoxy-Al2O3 nanocomposites. In both types of nanocom-
posites, &′A stayed below ~10 at temperatures below 100 °C (as seen in Figures 5.9
and 5.10), compared to some of the epoxy-SiO2 nanocomposites (Figure 4.17).
However, the epoxy-TiO2 nanocomposite exhibited lower values of &′A than pure
epoxy above 100 °C for 1 wt% TiO2. Further increases in TiO2 content resulted
in a more pronounced LFD/EP effect, with &′A exceeding that of pure epoxy for a
given temperature (above T6). In the epoxy-Al2O3 nanocomposites, the opposite
was observed, and the nanocomposite with 5 wt% Al2O3 exhibited the weakest
LFD/EP effect. This effect suggests that the charge transport (or the motion of
the free charge carriers) is inhibited in the nanocomposites with a high Al2O3
or low TiO2 content, whereas no such phenomenon occurs in the epoxy-SiO2.
Maity et al. [162] reported that any differences in the permittivity of pure epoxy
and epoxy-Al2O3 nanocomposites were minimized at elevated temperatures,
and became negligible over 70 °C for unfunctionalized nanoparticles. However,
nanocomposites containing functionalized nanoparticles also exhibited reduc-
tions in &′A at higher temperatures. Nelson and Fothergill [5] also showed a
decrease in &′A from that of pure epoxy in epoxy-TiO2 nanocomposites (with
10 wt% TiO20) at 120 °C. It appears that the functionalization, composition,
and particle morphology play an important role in determining the dielectric
properties of these nanocomposites above the glass transition.

5.5.3 Electrical treeing resistance
The resistance against tree propagation or growth in both the epoxy-TiO2 and
the epoxy-Al2O3 nanocomposites was significantly higher than in pure epoxy
at 10 kV. Trees were initiated and grown at 15 kV in additional samples of pure
epoxy to allow comparisons with the trees grown in the epoxy-TiO2 and epoxy-
Al2O3 nanocomposites. Figure 5.24 compares two of the trees grown in pure
epoxy at 15 kV, with growth speeds of 0.11 mm min−1 in Figure 5.24a and 0.16
mm min−1 in Figure 5.24b.

In comparison, the growth rates for the trees in epoxy-Al2O3 nanocomposites
were similar: 0.136, 0.179 and 0.092 mm min−1 for samples 10, 11, and 12,
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0.5 mm 0.5 mm

(a) (b)

Figure 5.24. Electrical trees grown at 15 kV in pure epoxy. The tree growth speed in (a)
was 0.11 mm min−1, and in (b) was 0.16 mm min−1. Unedited images of the trees are
shown in Figure B.8

respectively (Table 5.5). The epoxy-TiO2 sample (Sample 4) grown at 15 kV
exhibited a significantly slower growth rate of 0.022 mm min−1 (Table 5.4).
Therefore, with the increase in voltage the growth speed increased by several
orders of magnitude in the epoxy-Al2O3 nanocomposites, whereas the epoxy-
TiO2 nanocomposite exhibited a relatively small increase. A similar behaviour
was reported by Tanaka et al. [156] where epoxy-Al2O3 nanocomposites showed
slower tree growth at 10 kV, and significantly faster growth at 20 kV. They
attributed this to the formation of selective channel formation at high fields.

The partial discharge patterns shown in Figures 5.15 to 5.17 were consistent
with the lengths of the corresponding trees, and showed similar developments
as observed in pure epoxy earlier (Figure 4.30). The short trees grown at 10 kV in
the epoxy-Al2O3 exhibited primarily wing-like PD throughout the entire period
(left and center images in Figure 5.16), with the magnitude of the PD steadily
increasing up to 0.04 nC with increasing tree length. The PD activity was quite
low due to the limited growth of the tree. Since there was mostly wing-like PD
and comparatively little turtle-like PD even after ~90 min, the trees remain non-
conducting at 10 kV in the epoxy-Al2O3 nanocomposites. In contrast, the trees
grown at 15 kV in epoxy-Al2O3 showedmostly turtle-like PD and few scatterings
of discharges in a wing-like shape (right image in Figure 5.16), indicating that
trees grown at 15 kV became conducting quite quickly. The transition from
non-conducting to conducting trees occurred rapidly despite the low discharge
activity and magnitude throughout the tree growth.

The trees grown in epoxy-TiO2 exhibited a significantly higher discharge activity
and magnitude (Figures 5.15 and 5.17). Like the pure epoxy and the epoxy-SiO2
nanocomposites (as discussed in Chapter 4.3.3.2), the trees in epoxy-TiO2 also
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underwent the transition from conducting to non-conducting after ~30-45 min.
However, the wing-like PD in the tree grown at 15 kV (Figure 5.17) did not cease,
which his implies that either there are certain branches in the tree that remain
non-conducting, or that the new branches forming tend to be non-conducting
for a longer period even late into the tree growth.

5.5.4 Tensile properties of the epoxy-TiO2 nanocomposites
While theUTSof the epoxy increasedwith increasingTiO2 content (Figure 5.18b),
the strain at failure was lower than that for pure epoxy at all filler contents (Fig-
ure 5.18c). Goyat et al. [133] observed a similar fracture surface morphology in
ex-situ prepared epoxy-TiO2 nanocomposites. They reported several additional
toughening mechanisms for the epoxy, although those were not observed in the
specimens produced in this work. They also reported the same trends in the
UTS and strain at failure with increasing TiO2 content. However, the reported
values of the strength were significantly lower than those measured in this work
(35-50 MPa), and the strain at failure was higher (10-14 %). Ozsoy et al. [241]
demonstrated a similar increase in the tensile strength and decrease in the strain
at failure with increasing TiO2 content. However, the decrease in the strain
at failure was more significant when micron-sized TiO2 was used instead of
nano-sized TiO2.

The decrease in strain (and subsequent reduction in the plastic deformation) at
failure implies that the epoxy-TiO2 nanocomposites are more brittle. However,
the roughness of the fracture surfaces (shown in Figures 5.19 to 5.21) indicate
otherwise. The fracture origins in all the epoxy-TiO2 nanocomposites were in
the interior of the specimen, unlike the pure epoxywhere the fracture originated
on the edges. The voids seen in Figures 5.19 to 5.21 are air bubbles that remained
in the specimens from casting, and are the most likely source of weakness in
the materials. Despite these voids, the increase in the UTS can be attributed
to other toughening mechanisms in the nanocomposites. The fracture surfaces
also showed amirror-mist-hackle pattern similar to that observed in epoxy-SiO2
nanocomposites with 5 wt% SiO2. The increased fracture surface roughness
indicates a greater dissipation of energy as the crack acceleration slowed down.
At 3 and 5 wt% TiO2, there was an additional smooth region between the mist
and hackle regions in some specimens (highlighted in Figures 5.20 and 5.21).
These regions were observed where the cracks bent perpendicularly, showing
that these regions have increased toughening. The formation of parabolic lines
(Figure 5.21b and c) corresponds to the formation of secondary cracks in front
of the primary crack in the region of fast crack propagation [224], which also
contributes to dissipation of energy. Some of the smaller voids observed may
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correspond to debonding between epoxy and the larger TiO2 particles. The
debonding can lead to particle pull-out, which creates hemi-spherical holes or
cavities on one surface, and exposed particles coated in epoxy on the other sur-
face [133]. The energy spent in particle pullouts can also contribute to increased
crack resistance. It is therefore possible that the presence of the TiO2 nano-
particles limits the plastic deformation by increasing the rigidity of the polymer
chains (which is also reflected in the increased T6). Simultaneously, the TiO2
can limit the acceleration of cracks via the particle pull-outs and formation of
secondary crack fronts, thereby improving the tensile strength and creating a
rough fracture surface.
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6 Dielectric breakdown strength

The dielectric breakdown strength is an important parameter in the selection
of materials for high voltage insulation, as it determines the limitations of the
voltage in the application, as well as the design specifications for the chosen
material. Increaseddielectric breakdown strengths are desired, as thiswill allow
either the use of higher voltages in applications, or a thinner layer of insulation.
Several works have performed measurements of the breakdown strength on
pure epoxy and ex-situ epoxy nanocomposites using different approaches or
experimental designs. However, none have been found that have investigated
the breakdown strengths of epoxy nanocomposites with in-situ synthesized
nanoparticles.

It is important that the experiment is designed to test as large an area of the
sample as possible during the measurement of the breakdown strength, as it is a
stochastic property. Some authors [130,142,143,160,242–244] havemeasured the
breakdown strength using spherical or hemispherical electrodes, where there is
a single point of contact between the electrodes and the sample. A disadvantage
of this setup is that only that point in the sample is probed and exposed to the
highest electric field strength, and therefore the strength of the material may be
misrepresented. Therefore, the choice was made to use cylindrical electrodes so
that a larger volume of the sample was exposed to a uniform electric field.

However, several challengeswere facedduring theperformanceof thesemeasure-
ments, and an accurate estimate of the breakdown strength of pure epoxy could
not be obtained. Consequently, the breakdown strengths of the in-situ nanocom-
posites were not tested. This chapter discusses the results of the experiments on
pure epoxy, and the strategies used to tackle the challenges that arose. A key
factor in these measurements is the electric field strength in the transformer oil,
which was evaluated using COMSOL simulations of the different experimental
setups used in the measurements (listed in Table 3.3). In addition, recommen-
dations are made for further work inmeasuring the breakdown strength of pure
epoxy and the in-situ nanocomposites.
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6.1 Breakdown measurements using different setups

6.1.1 Electrodes encased in epoxy
Using Setup 1 in Table 3.3, dielectric breakdowns occurred in pure epoxy at
20-22 kV. For a sample thickness of 0.5 mm, this corresponded to an electric
field strength of 40-44 kV mm−1. The breakdowns took place at the edges of the
electrodes at the interface between the brass and the epoxy casing, as shown in
Figure 6.1. Some damage was always observed on the electrode at the point of
breakdown, as shown by the yellow arrows in Figure 6.1a-c, which necessitated
polishing of the electrodes between measurements. Figure 6.1c and d shows an
example of extreme damage from the breakdown to both the electrode and the
sample, respectively. In some cases, electrical trees were also observed to grow
close to the centre of the sample (Figure 6.1d), most likely forming prior to the
breakdown as they were disconnected from the breakdown point.

(a)

(b)

(c) (d)

Figure 6.1. (a,b) The HV electrode surface after a breakdown was performed on two
different samples of pure epoxy. The yellow arrow showing the damage to the electrode
from discharges. (c) Severe damage to the HV electrode after a measurement. (d) The
damage to the pure epoxy sample from carbonization due to the breakdown (same
breakdown shown in (c)).
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6.1.2 Bare electrodes
No changes in the breakdown strength were observed in pure epoxy when
the bare brass electrodes were used without an epoxy casing (Setup 2 in Ta-
ble 3.3). Breakdowns occurred at 20-22 kV, but the location of the breakdown
was changed. Instead of at the edge of the flat face of the electrode, the break-
down occurred on a position in the sample that corresponded with the curved
edge of the electrode. The difference is illustrated in Figure 6.2. Figure 6.3a
and b show the position of the breakdown on the electrodes and the subsequent
damage to them. Figure 6.3c and d show the regions of pure epoxywhere cracks
have formed radiating from the point of breakdown. Certain parts of the crack
were sharp edged, while other parts appeared melted and rubbery (highlighted
by the red and blue arrows, respectively, in Figure 6.3c andd). Some of the cracks
can also be observed mirrored in the electrode, as seen by the line stretching
across the flat surface in Figure 6.1a.

Setup 1 Setup 2

Electrode

Sample

Casing

Figure 6.2. Illustration of the location of the breakdown in the pure epoxy in the two
measurement setups (Setup 1 and Setup 2 from Table 3.3). The red dot with the blue
lightning mark shows where the breakdown occurred in the two setups.

An additional incidence that was observed during the measurements after the
epoxy casings were removed from the electrodes was the presence of a hissing
noise above 18 kV. The transformer oil was also "cloudy" in appearance after
each measurement, compared to previous experiments.

6.1.3 Pressurized oil and thinner samples
Pressurized oil was used to limit the discharges in the oil (Setup 3 in Table 3.3).
The pure epoxy exhibited an increase in the breakdown strength, as the break-
down occurred at 26-27 kV (52-54 kV mm−1). In addition, the hissing noise was
no longer present. However, the breakdownswere still positioned on the curved
edge of the electrodes (shown for Setup 2 in Figure 6.2).
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2 mm

0.5 mm

1 mm

0.5 mm

(a) (b)

(c) (d)

Figure 6.3. The breakdowns and the subsequent damage to (a,b) the electrodes and (c,d)
the pure epoxy samples in two different measurements. The yellow arrows point to the
electrode damage from the discharge during breakdown. The red and blue arrows
indicate regions in the epoxy samples where the damage from the discharges resulted
in either sharp cracks or melting/rubbery deformations, respectively.

The final set of measurements were performed on samples of pure epoxy with
thicknesses between 0.25 and0.3mm,whichwere curedunderN2 pressurization
(Setup 4 in Table 3.3). The breakdowns occurred at 20-21 kV, but due to the lower
sample thicknesses this corresponded to a breakdown strength of 100-105 kV
mm−1. Despite the increase in the breakdown strength, the position of the
breakdowns remained unchanged on the electrode edge.

6.1.4 Discussion
The occurrence of the breakdown at the interfaces between the electrode and
the epoxy in Setup 1 can be attributed to delamination of the epoxy casing.
A delamination introduces voids at the triple points between the casing, the
electrode, and the sample. The electric field strength is amplified in the voidsdue
to the lower relative permittivity of air (~1) compared to epoxy (~4), therefore
acting as defects and a source for partial discharges. The partial discharges
can erode the epoxy, making certain regions weaker and more susceptible to
premature breakdown. Severe delaminations may result in significant damage
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to the electrodes during the breakdown (shown in Figure 6.1c and d), as the
discharges are increased significantly at the interfaces with many voids.

Removal of the epoxy casings, however, introduced a different problem. The
hissing noise and the appearance of the oil was due to significant partial dis-
charges in the oil prior to breakdown, resulting in the oil heating up and the
formation of gas bubbles. Discharges in the oil are undesirable, as they can
cause erosions in the epoxy sample, thereby weakening the material and mak-
ing it more suspect to breakdowns at lower electric field strengths. In addition,
the breakdown always taking place on the curved edge of the electrode is chal-
lenging, as the electric field strength in the sample underneath the edge is
dependent on the curvature of the electrode. Usually the field strength at that
location should also be lower than in the part of the sample that is between the
flat surfaces of the electrode. Therefore, the exact field strength at the point of
breakdown is unknown.

Despite these issues, the measured AC breakdown strengths were not too dis-
similar from those reported in literature. Singha and Thomas [4] reported a
breakdown strength of ~52.3 kV mm−1 in pure epoxy, using bare cylindrical
electrodes with curved edges. Preetha and Thomas [245] performed similar
measurements and reported bubbling in the oil and the breakdown taking place
at a similar location. Liang and Wong [143] reported slightly lower breakdown
strengths for pure epoxy (33 kV mm−1), measured using spherical electrodes.
Nascimento et al. [139] showed a breakdown strength of 47 mm−1 with a cylin-
drical electrode. However, the samples in that study were significantly thinner
(50-80 µm).

Since the breakdown strength increased for pure epoxy when the transformer
oil was pressurized, the breakdowns were not due to the failure of the epoxy
samples, but failure in the transformer oil. The oil used, Midel 7131, has a
minimum breakdown voltage of 75 kV (using the IEC 60156 standard) [246],
which corresponds to a minimum breakdown strength of 30 kV mm−1. Studies
by Martin and Wang [247] and Jing et al. [248] reported that the breakdown
strength of Midel 7131 lies between 45 and 55 kV mm−1. The breakdowns in the
experiments performed in this work occurred at similar electric field strengths.
Combinedwith the fact that the breakdowns always occurred at the curved edge
of the electrodes where they were exposed to the transformer oil, it is certain
that the breakdown is measured not in the epoxy samples but in the oil instead.
This would mean that the breakdown strength of the pure epoxy is possibly
higher than 50 kV mm−1. Pressurization of the oil minimizes the sizes of air
bubbles in the oil, thereby increasing the breakdown strength of the oil.
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In addition to pressurizing the oil, reducing the sample thickness also exhib-
ited a significant increase in the breakdown strength. It is expected that even
lower voltages would be required for breakdown to occur, as the field strength
is increased significantly for a given voltage. However, the breakdowns still
occurred at 20-21 kV, which exceeded the reported field strength of Midel 7131
significantly. The increased breakdown strength in Midel could be attributed
to the presence of fewer air bubbles due to both the pressurization of the oil,
as well as a smaller gap between the electrodes. Studies have shown how the
breakdown strength of materials increased significantly for decreased sample
thicknesses or gaps between electrodes [245, 249]. Since the breakdown is still
occurring in the oil, the breakdown strength of pure epoxy exceeds at least 100
kV mm−1. Several studies have reported similarly high (or even higher values)
for breakdowns in pure epoxy. Bell et al. [70] and Virtanen et al. [141] both re-
ported a breakdown strength of 185 kV mm−1 using recessed sample geometries
for testing. Yeung and Vaughan showed similar values of 182 kV mm−1 in 70 µm
thick samples tested with spherical electrodes. Heid et al. [160] reported 160 kV
mm−1 in samples with an average thickness of 0.233 mm. Therefore, the correct
experimental setup is important in determining the actual breakdown strength
of pure epoxy, and subsequently the nanocomposites.

6.2 Simulations of the electric field
The electric fields around the sample and the electrodes with different config-
urations were simulated using the multiphysics simulation software COMSOL,
as presented in Figure 6.4. Such simulations can be used to determine the ap-
propriate electrode and sample geometries for measurements of the breakdown
strength.

The simulations revealed that due to the lower relative permittivity of the oil
(~3.15 [250]) compared to the pure epoxy and the shape of the electrodes, the
electric field strength is slightly higher in the oil at the onset of the electrode
edge. This is shown by the red arrows in the magnified image of the electrode
edge in Figure 6.4a. Figure 6.4b shows that when electrodes with sharp edges
are used, the electric field is amplified at the part of the sample closest to the
edge of the ground electrode. If rounded edges are used with a sample with a
diameter smaller than the electrode diameter (Figure 6.4c), then no amplification
of the electric field is observed. The strongest field is then in the uniform part
through the sample that is between the two electrodes, and becomes uniformly
weaker at further distances. If a larger ground electrode is used (as was the case
in the experiments when the epoxy casing was removed), then the electric field

202



6.2 Simulations of the electric field

Ground electrode

Sample

(a)

HV electrode

Ground electrode

Sample
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(b)
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Sample
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(d)

Figure 6.4. The simulated electric fields for different testing setups for the breakdown
experiments: (a) electrodes with Rogowski profiles; (b) electrodes with sharp edges; (c)
electrodes with Rogowski profile and sample diameter smaller than electrode diameter;
(d) electrodes with Rogowski profile, and ground electrode with larger diameter than
HV electrode. The red arrows indicate regions with a higher electric field strength.

strength is again amplified in the oil at the triple point interface between the HV
electrode, the sample, and the oil, as seen in Figure 6.4d.

Based on the COMSOL simulations, changes in the sample shape or size, or
changes in the electrode design can prevent the higher field strength in the oil.
However, new challenges may arise for each option. If sharp electrode edges
are used (Figure 6.4b), the electric field will be amplified close to the edge of the
ground electrode instead of in the oil. Breakdowns are more likely to occur at
that spot instead of in the region between the electrodes with a uniform electric
field. This will add uncertainty to the measurements as the exact field strength
at the breakdownpointwill not be known. Another alternative is to use a sample
with a shorter diameter than the flat face of the electrode, so that the triple point
between the electrode, oil, and the sample is not a curved surface (Figure 6.4c).
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However, due to the short distance between the two electrodes, there is a high
chance of surface discharges. The oil is used to negate such discharges over the
sample surface but it would be ineffective if the distance between the electrodes
over the surface is reduced so drastically. A third option would be to change the
insulating fluid to a different oil, eitherwith a permittivity higher than (but close
to) that of the epoxy samples, or with a higher dielectric breakdown strength.

6.3 Recommendations for future measurements
Adifferent solution to the challenge of breakdown in the insulating oil would be
to remove the oil from the setup, and to use a different type of sample. Mohanty
and Srivastava [251] performed breakdown measurements using a needle-plate
configuration similar to that used for the electrical treeing measurements. One
disadvantage with this approach, however, is that it is difficult to calculate the
electric field strength around the high voltage needle accurately. This method
also probes a smaller volume ofmaterial, since the electric field is uneven around
the needle, and the highest field strength the sample will be exposed to will be
only at the tip of the needle.

Another possible solution is to design the sample itself in the Rogowski profile
that is used for the electrodes. The sample may be cast as a hollow "Rogowski
cup" with an inner layer of a deposited electrode that is connected to the high
voltage electrode, as shown in Figure 6.5. The Rogowski profile of the sample
will prevent concentration of the electric field at the edges or in any one area,
while maintaining a uniform electric field in a large volume of the flat face of
the sample. The COMSOL simulations shown in Figure 6.5 show that in such a
design there is no regionwhere the electric field strength is larger than in the flat
region between the two electrodes. Surface flashoverswill also be prevented due
to the shape of the sample, thereby eliminating the necessity for insulating oil.
The primary challenge with such a design is in the casting of samples without
defects, especially the removal of any air bubbles that may be introduced during
casting.
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Sample cast in shape of cup

Deposited electrode
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Figure 6.5. Illustration of the "Rogowski cup" design for the sample, and the COMSOL
simulation of the electric field in a setup employing this cup with deposited electrodes.
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7 Structure-property relations of the
epoxy nanocomposites

The in-situ synthesized inorganic oxides in the different nanocomposites all have
varying structures andmorphologies, resulting from the different synthesis con-
ditions and reactions of the alkoxide precursors. The interactions between the
particles and the epoxy are affected by various factors, such as the type of in-
organic oxide, the morphology and structure of the particle clusters and their
state of dispersion, or the amount of coupling agent used. Increasing the knowl-
edge of how these interactions are changed in the different nanocomposites will
lead to increased understanding of the structure-property relations in these hy-
brid materials. In this chapter, selected properties of the nanocomposites with
different types of inorganic oxide fillers are first compared. The glass transi-
tion behaviours, the complex permittivity, and the electrical treeing properties
are emphasized. Explanations for these properties, based on the the chemistry
of the reactions, the structure of the nanoparticles, and the formation of the
organic-inorganic network are proposed and discussed.

7.1 Assessment of the different nanocomposites
Table 7.1 summarizes the key properties that were investigated for the different
in-situnanocomposites in thiswork. In general, epoxy-SiO2 nanocomposites pre-
pared with sufficient APTES, at neutral conditions (pH 7), and with a high filler
content (5 wt% SiO2) exhibited increased T6 and thermal stability, decreased
permittivity, lower dielectric losses (above 103 Hz), and an increased resistance
to electrical tree propagation. However, both the ultimate tensile strength and
resistance to tree initiation were significantly decreased, and charge transport
effects above the glass transition were amplified compared to pure epoxy or a
lower SiO2 content. In addition, other variations of the synthesis conditions or
lower SiO2 contents may result in degradation in one or more of the properties
of the nanocomposites.
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Chapter 7 Structure-property relations of the epoxy nanocomposites

The epoxy-TiO2 nanocompositeswith 5wt%TiO2 displayed significant increases
in T6 and the ultimate tensile strength, increased thermal stability, lower dielec-
tric losses (above 103 Hz), and increased resistance to tree growth at both 10 and
15 kV. Charge transport effects were subdued in the nanocomposites with low
TiO2 content. The resistance to tree initiation, however, was decreased in these
nanocomposites. Nanocomposites with 3 wt% TiO2 exhibited a lower permit-
tivity than pure epoxy, whereas at 5 wt% TiO2 the permittivity was lower below
105 Hz, and higher above that frequency.

The epoxy-Al2O3 nanocomposites exhibited increases in T6 , but the increase
in T6 was lower than in the epoxy-TiO2 nanocomposites. Similar decreases
in the permittivity and dielectric losses were observed as in the epoxy-SiO2
nanocomposites. The strongest advantage of the epoxy-Al2O3 nanocomposites
is that the resistance to tree initiation is comparable to that of pure epoxy, and the
tree growth is negligible at 10 kV. However, at 15 kV the tree growth is similar
to pure epoxy.

7.2 Interactions between the particles and the epoxy
The mobility of the epoxy chains determines several properties of the nanocom-
posites, including the glass transition behaviour. Piscitelli et al. [100] proposed
an explanation for how the structure of the in-situ synthesized SiO2 can affect
T6 . In their work T6 decreased up to 3 wt% SiO2, and then remained constant
up to 12 wt% SiO2. The decrease was attributed to the formation of flexible and
linear siloxane species, and the constant T6 above 3 wt% SiO2 was explained
by the segregation of larger siloxane domains into a continuous phase. In this
work, a similar mechanism is proposed, taking into account the interactions at
the interfaces that can strongly influence the chain mobility.
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7.2 Interactions between the particles and the epoxy

In the in-situ synthesized nanocomposites, the primary form of interaction at
the interfaces is the chemical bond between the particles and the epoxy chains
via the APTES. Figure 7.1 illustrates the proposed interactions between SiO2,
with mass and surface fractal structures, and the epoxy chains for low and
high SiO2 contents, respectively. Table 7.2 compares the T6 for the different
nanocomposites (Figure 4.38a and Figure 5.5a). APTES cannot cross-link four
DGEBAmolecules the way POPDA does due to the single amine group (−NH2).
The inclusion ofAPTES therefore leads to a reduction in the cross-linking degree
in the cured epoxy,which is expected to decrease T6 . This decreasewas observed
in the epoxy-SiO2 nanocomposites with low SiO2 contents (< 4 wt%), as shown
in Figure 4.38a and Table 7.2. T6 increased for higher SiO2 content, which can be
explained by the increasing size of SiO2 and the evolution from mass to surface
fractals in the structure.

DGEBA chains

Mass fractal SiO2

Surface fractal SiO2

APTES

Low SiO2 content High SiO2 content

Figure 7.1. Illustration showing the proposed mechanism for how the SiO2 structures
interact with APTES and the DGEBA molecules at low and high SiO2 content, and the
resulting effect on the cross-linking degree of the DGEBA chains.

The cluster-cluster growth at low SiO2 contents (Figure 4.12) results in mass
fractal structures that are polymer-like and not interconnected. When attached
to two DGEBA molecules via the APTES, the resulting molecule is long and
flexible with no cross-links, and therefore exhibits a plasticizing effect on the
neighbouring epoxy chains. This effect contributes to the decrease in T6 [100].
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Chapter 7 Structure-property relations of the epoxy nanocomposites

The likelihood of a SiO2 cluster attaching to two ormoreAPTESmolecules is low
due to the small size of the clusters. This situation is represented in Figure 7.1a.
As the SiO2 content is increased, the growth mechanism switches to monomer-
cluster, which results in the formation of a networked surface-fractal structure
that is more rigid. In addition, the increasing size of the SiO2 clusters increases
the likelihood of multiple APTES molecules connecting the epoxy chains to
these clusters. It is also possible that several SiO2 clusters, each attached to
APTES, can start forming a network. If more than two APTES molecules are
attached to a SiO2 cluster (Figure 7.1b), then the cross-linking degree of the
DGEBA molecules is greater than it would have been if they were cross-linked
with POPDA. Therefore, T6 is increased and exceeds that of pure epoxy.

When the amount of APTES used is reduced (from an APTES:DGEBA mass
ratio of 1:10 to 1:30), T6 increased. With fewer APTESmolecules, there are fewer
DGEBA molecules that are connected to one rather than three other DGEBA
molecules (as is the casewhen cross-linkedwith POPDA). Thus the cross-linking
degree is not significantly reduced. Simultaneously, the presence of larger clus-
ters and agglomerates (as observed in Figure 4.1e and Figure 4.9) means that the
cross-linking degree can even be increased further, since the agglomerates can
connect several DGEBA chains that are attached to APTES. These two combined
factors results in the epoxy-SiO2 nanocomposites having a higher T6 for a lower
APTES:DGEBA mass ratio at a given SiO2 content. The preceding arguments
can be used to also explain the changes in T6 in the epoxy-Al2O3 nanocomposites
(listed in Table 7.2). Both the epoxy-TiO2 and the epoxy-Al2O3 nanocomposites
were preparedwith the lower amount of APTES. Despite this, the Al2O3 clusters
are large enough to bond with several APTESmolecules, which can increase the
cross-linking degree in the nanocomposites compared to pure epoxy.

The epoxy-TiO2 nanocomposites, however, exhibited the largest increase in T6
among all the in-situ nanocomposites, despite having generally smaller struc-
tures than both the SiO2 and the Al2O3. One possible reason could be the
formation of a large number of titanium polyalkoxide clusters, with size of 3-5
nm (Figure 5.3). Due to the small size of these clusters (which are not part of a
larger, hierarchical structure as in the case of the SiO2), the interfacial volume
will be much larger than in the other nanocomposites. The interactions between
the epoxy chains and the particles are not limited to the bonds via the APTES,
but can also be other physical bonds such as van der Waal’s or hydrogen bonds.
A larger interfacial volume would mean that more of the epoxy chains can have
physical interactionswith the inorganic clusters. Therefore, even if the degree of
cross-linking is not increased, a larger interfacial volume will increase the num-
ber of physical interactions that can restrict the motion of the polymer chains,
thus increasing T6 . The precipitation of larger particles, which occurs more
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7.2 Interactions between the particles and the epoxy

Table 7.2. Comparison of T6 between epoxy nanocomposites with SiO2, TiO2, and
Al2O3 nanoparticles.

Filler Content APTES:DGEBA T6
[wt%] mass ratio [°C]

None - - 83

SiO2, pH 7
1

1:10
72

3 75
5 87

SiO2, pH 11 5 1:10 82
1:30 93

TiO2, pH 7
1

1:30
103

3 105
5 89

Al2O3, pH 7
1

1:30
82

3 93
5 87

frequently for a larger TiO2 content, will reduce the interfacial volume due to
the lower ratio of surface area to volume for the larger particles. Hence, T6 de-
creased upon increasing the TiO2 content to 5 wt%. Sajjad et al. [252] proposed
that smaller nanoparticles do not hinder the development of the epoxy network
during curing, whereas larger particles can act as barricades. Several authors
have proposed that the free volume of the polymer increases for particles exceed-
ing a certain size or filler content, which leads to a decrease in T6 [18,88,89,252].
This might explain why a decrease in T6 is observed for 5 wt% TiO2 and Al2O3,
compared to 3 wt% of the same fillers.

Afinal consideration is the shape and structure of the inorganic particles formed.
TheTiO2 forms structureswith a sharp, definedboundary, in contrast to the clus-
ters of SiO2 with a more diffuse boundary. The smaller titanium polyalkoxide
clusters are also not as flexible as the linear siloxane mass fractals. These differ-
ences can be attributed to the faster hydrolysis and condensation reactions of TIP,
compared to the TEOS and AIP, resulting in a more condensed TiO2 product.
The SiO2 (and to some extent, the Al2O3) structures exhibit more open fractal
features, and condensed particles are present only at higher filler contents. The
shape of the nanoparticles is known to significantly affect the interfacial vol-
ume [253], and therefore the interactions with the epoxy chains. The diffuse,
fractal structures in the epoxy-SiO2 nanocomposites may allow closer interac-
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Chapter 7 Structure-property relations of the epoxy nanocomposites

tions between the particles and the epoxy chains (compared to the condensed
TiO2 particles). As a result, the free volume of the polymers may not be affected
as much by the larger SiO2 clusters at higher SiO2 contents. In addition, the
formation of open fractal structures in the SiO2 allows interpenetration of the
inorganic networks by the epoxy chains, which is illustrated in Figure 7.2. The
ability of the epoxy chains to penetrate the larger inorganic network means that
the free volume is not significantly decreased for larger clusters in the epoxy-SiO2
nanocomposites. Hence, T6 does not decrease when the cluster size increases at
higher filler contents.

Figure 7.2. Illustration of the difference in the interactions of the DGEBA molecules in
cured epoxy with the open fractal structures in SiO2 and with the closed, condensed
particles of TiO2.

Therefore, there are several factors that can influence the structure of the organic-
inorganic network in the in-situ epoxy nanocomposites. The most important of
these appear to be how the cross-linking degree is affected by the APTES, the
shape and structure of the inorganic networks (whether they are open and frac-
tal, or closed and condensed), and the size of the inorganic domains. Features
that control the glass transition of the nanocomposites, such as the chain mobil-
ities, polymer-particle interactions, interfacial volume, and interpenetration of
the twonetworks, are also expected to affect the other properties of thematerials,
including its behaviour in an electric field.

7.3 Effects of the interactions on the permittivity
The interactions between the epoxy chains and the inorganic oxide networks are
most evident in the changes to the �-relaxation, as well as the overall decrease
in the real relative permittivities. Figure 7.3 shows a comparison of &′A and tan
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7.3 Effects of the interactions on the permittivity

� for the different in-situ nanocomposites (with 5 wt% filler content) prepared
in this work. The ex-situ nanocomposite (with 0.5 wt% SiO2) is also included.
The regions in both &′A and tan � that correspond to the �-relaxation and the
new relaxation associated with the nanoparticles (referred to as NP relaxation
in Figure 7.3) are highlighted.
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Figure 7.3. The (a) real permittivity and (b) tan � of pure epoxy and different nanocom-
posites. The in-situ nanocomposites were all prepared with an APTES:DGEBA mass
ratio of 1:30 and have a filler content of 5 wt%. The ex-situ SiO2 however only contains
0.5 wt% SiO2.

The overall decrease in the permittivity observed inmost of the nanocomposites
shows that the epoxy becomes less polarizable in general in the presence of
inorganic oxide nanoparticles. Kochetov et al. [140] stated that this means fewer
dipole groups on the epoxy chains respond to the electric field, and attributed
it to the formation of an interfacial polymer layer with immobilized chains.
This model is similar to the aligned chain model proposed by Andritsch et
al. [59] (Figure 2.9d), and describes a situation akin to that shown in Figure 7.1b
wheremultiple DGEBAmolecules are bonded directly to the SiO2 cluster via the
APTES. Yeung and Vaughan [142] argued that these interactions should affect
the glass transition primarily, as observed in this work, and not necessarily the
polarizability of the system below T6 since the mobility of the entire chain is
negligible below the glass transition. Alhabil et al. [214] attributed the decrease
in &′A observed in thework byKochetov et al. [140] to changes in the stoichiometry
of the epoxy and the curing agent. However, these studieswere performed on ex-
situ nanocomposites, where pre-synthesized, condensed particles were used. In
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this work, the in-situ nanocomposites containing SiO2 and Al2O3 both exhibited
open, fractal inorganic networks that can be penetrated by the organic network
prior to curing. The interpenetration of DGEBA molecules into the inorganic
oxide clusters (illustrated in Figure 7.2) will not only restrict the mobility of the
whole chain, but also themobility of dipole groups on the chains. Therefore, the
in-situ nanocomposites exhibit a lower degree of polarization, and subsequently
a lower &′A compared to pure epoxy.

Upon comparing the change in &′A in Figure 7.3a, the decrease in &′A is not even at
all frequencies. The larger decrease in &′A at lower frequencies suggests that fewer
O-H dipoles are participating in the �-relaxation in the nanocomposites. These
dipoles can becomemore restricteddue to the formation of hydrogen bondswith
unreacted -OHgroups in the open inorganic oxide networks, thus becoming less
responsive to the switching electric field. However, the interactions of the O-H
dipoles will change if the particles are more closed and condensed structures.
Subsequently, the �-relaxation is significantly different in the in-situ epoxy-TiO2
and ex-situ epoxy-SiO2 nanocomposites, showing the lowest values of tan �
(Figure 7.3b). The larger decrease in tan � in these nanocompositesmight suggest
that there are even fewer participating O-H dipoles, but this is misleading. In
such a case, &′A would still be lower than in pure epoxy at high frequencies, not
higher (as seen in Figure 7.3a). It is possible that the O-H dipoles can interact
with the surface -OH groups on the particles. However, the agglomeration of
the ex-situ SiO2 and the larger spacing between the in-situ synthesized TiO2
clusters means that these interactions are not ubiquitous, which could result
in the formation of numerous and fragmented dipole clusters [240]. It is also
unknown what kind of interactions may exist between the O-H dipoles and
the smaller titanium polyalkoxide clusters, since the exact structure of such
alkoxides in these nanocomposites are unknown.

Other questions remain regarding the new relaxation between 1 and 100 Hz
in the nanocomposites. This relaxation is mostly insignificant in the in-situ
epoxy-Al2O3 and ex-situ epoxy-SiO2 nanocomposites, but is stronger in the in-
situ epoxy-SiO2 and epoxy-TiO2 nanocomposites. Yeung and Vaughan [142]
suggested that the relaxation is caused by adsorbed water on the particle sur-
face, and reported that increasing the amount of SCA resulted in a less apparent
relaxation. This is unlikely to be the cause of the relaxation in the in-situ nano-
composites, as the only exposure to water for the nanoparticle surfaces would
be unreacted water from the synthesis. In addition, changing the amount of
APTES did not result in a significant difference in the relaxation, showing that
it is not absorbed water that is responsible for the relaxation. Since the relax-
ation occurs in the frequency region where interfacial polarization mechanisms
are prevalent, it is assumed that the new relaxation is associated with dipoles
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forming at the interfaces between the polymer and the particles. This assump-
tion is consistent with how the strength of the new relaxation changes with
the interfacial volume in the different nanocomposites. The ex-situ nanocom-
posite contains agglomerated SiO2 and a low SiO2 content, and therefore a low
interfacial volume. Subsequently the new relaxation is weak and present at a
lower frequency. At the opposite end, the in-situ epoxy-TiO2 nanocomposites
contain some condensed particles (10-50 nm) that are precipitated from a large
number of small titanium polyalkoxide clusters. The interfacial volume in these
nanocomposites is therefore the largest, and subsequently presents the strongest
relaxation (and highest peak in tan �). However, further studies are required
to determine what kind of interactions at the interfaces are responsible for the
dipoles associated with this relaxation.

7.4 Proposed models for the electrical treeing
Several models have been proposed to explain the increased resistance to elec-
trical treeing in nanocomposites. Tanaka et al. [156] attributed the slower tree
growth to the formation of tortuous zig-zag paths through the nanocomposite,
illustrated in Figure 7.4. Due to the higher permittivity of the inorganic oxides
than the epoxy matrix, the electrical field is reduced in the particles. Conse-
quently, the difference in the electrical field strength is higher at the interfaces.
The local enhancement of the electrical field gradient means that the tree chan-
nels will be directed towards the nanoparticles. However, due to the higher
discharge resistance of the inorganic oxides, the tree channel will propagate
around the particle surface before it exits the interfacial region and into the
epoxy matrix. The channel then is directed towards the next particle interface.

The model assumes that the tip of the tree must be in the same size scale as the
filler particles. The observed tree channels are usually 2-5 µm in width and the
inorganic nanoparticles typically form clusters smaller than 300 nm. Therefore
it is possible that the tip of the trees are initially thinner, and are only observed
when they grow wider with time as they erode the epoxy. One limitation of
this model is that it cannot explain why the tree growth speed increased in the
in-situ epoxy-SiO2 nanocomposites when the amount of APTES was decreased.
Despite the poorer dispersion and larger cluster sizes, the presence of the SiO2 in
epoxy should still obstruct the tree growth in a similar way. Instead, the growth
rate was faster than in pure epoxy. Chen et al. [155] demonstrated how the
treeing properties were improved in nanocomposites when the particles were
surface treated to improve the dispersion, compared to no surface treatment.
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High E-field strength

Low E-field strength

Particle surface

Interface boundary

Tree channel

(a) (b)

Figure 7.4. (a) Illustrationof oneproposedmechanismexplaining the slower tree growth
in nanocomposites with well dispersed nanoparticles, showing how the tree channels
are directed towards the particle interfaces with a steeper electric field gradient. The
blue areas represent high electric field strength, and the red areas low electric field
strength. (b) A magnification of the region around a nanoparticle, showing the change
in the electric field strength over the interface, and the propagation of a tree channel
around the particle surface through the interface.

However, even without surface treatment, the nanocomposites exhibited better
electrical treeing properties than pure epoxy. Nakamura et al. [154] proposed
that the internal stresses in epoxy creates regions of the polymer that are weaker,
and therefore more susceptible to tree propagation. These internal stresses
usually arise during the curing of the epoxy resin due to shrinkage andmismatch
in thermomechanical properties [254], and can be amplified due to inadequate
interfacial adhesion [255]. Reducing the amount of APTES may therefore have
led to poorer interfacial adhesion between the SiO2 and the epoxy, contributing
to increases in the internal stresses compared to when no fillers are used.
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The zig-zag treeingmodel can explain why the tree growth is significantly faster
in the epoxy-TiO2 and epoxy-Al2O3 nanocomposites than in the epoxy-SiO2
nanocomposites. SiO2 has a permittivity of ~3.9 [256], which is very close to
that of epoxy, whereas the permittivities of Al2O3 and TiO2 are much higher
at ~9.4 and ~100, respectively [1, 256]. Hence, the electrical field gradient will
not be as steep around the SiO2 nanoparticles. In addition, despite TiO2 having
a higher permittivity, the tree growth was significantly slower in the epoxy-
Al2O3 nanocomposites. Therefore, there must be additional mechanisms which
determine the propagation speed of the tree channels.

An alternative model for explaining tree growth in nanocomposites is the pres-
ence of carrier traps in the nanoparticles. Usually charge carriers can be captured
by carrier traps in the polymer, which limits the carrier mobility and density,
thus limiting the tree propagation [257–259]. The addition of nanoparticles can
introduce deep level traps or change the trap density, thereby increasing re-
sistance to electrical tree growth compared to pure epoxy. Zhang et al. [260]
proposed that a potential well forms between the epoxy matrix and the "bound"
interfacial region (described in the layered model by Tanaka et al. [53]) which
traps the charge carriers. Smith et al. [259] stated that the charge layer that deve-
lops between the inorganic oxide and the polymer is critical for the trapping
mechanism. Therefore, changes in the interfaces via the SCAs can also alter the
traps or the charge mobility. Since the SCAs affect the bonding and interaction
of the nanoparticles with the polymer, they can affect the Coulombic interac-
tions at the nanoparticle surface. Agglomeration of the nanoparticles, as is the
case when the amount of APTES is reduced, and a subsequent reduction in the
interfacial volume will naturally reduce the number of deep traps introduced
by the nanoparticles. Zhang et al. [260] showed using thermally stimulated
currents and pulsed electro-acoustic measurements that the number of shallow
traps increased in agglomerated Al2O3 nanoparticles. The traps introduced by
the nanoparticles may also be dependent on the type of inorganic oxide. In
their particle interphase model (Figure 2.9e), Alhabil et al. [60] described how
defects on the particle surface can generate new localized energy levels, which
can form charge traps if they lie in the band gap. If the traps are sufficiently deep
and far from each other, they will contribute to decreasing charge movement.
Alternatively, the generated energy levels may be deeper in the conduction or
valence band, thereby widening the band gap and creating an energy barrier
for charge movement through the interphase. It is therefore likely that the trap
density and trap depth varies in the different nanocomposites depending on
the type of nanoparticle used, the morphology of the particles, and the surface
functionalization.
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Generally, the voltage at which the tree initiates depends on the charge build-
up from injection and extraction of electrons, or when other charge carriers
are accelerated by the electric field and gain sufficient kinetic energy to cause
chain scissions [124, 258]. Therefore, the presence of charge traps in the nano-
particles will also affect the initiation voltage. Based on the initiation voltages
and the tree growth behaviours at 10 and 15 kV, it can be assumed that traps
in the epoxy-Al2O3 nanocomposites are more numerous than in the epoxy-TiO2
nanocomposites, but the traps in the epoxy-TiO2 nanocomposites are deeper.
The large number of traps means a larger number of charge carriers need to be
accelerated to initiate and propagate the trees in the epoxy-Al2O3 nanocompo-
sites. Since the traps are shallow, a higher voltage might be sufficient to excite
the charge carriers out of these traps, but not the deep traps in the epoxy-TiO2
nanocomposites. Therefore, the tree growth rate remains slow in the epoxy-
TiO2 nanocomposites at 15 kV, but not in the epoxy-Al2O3 nanocomposites.
Another factor that may influence the initiation voltages in the nanocomposites
is the presence of extra charge carriers (e.g. ions) from the in-situ synthesis pro-
cess. This could explainwhy the epoxy-SiO2 nanocomposites prepared at pH 11,
which is achieved by the addition of ammonia solution, have the lowest initiation
voltages. The inclusion of NH +

4 and OH– in the epoxy from the ammonia used
is therefore detrimental to its treeing resistance. Any other unreacted chemicals
from the in-situ synthesis of the inorganic oxides, or even by-products that have
not been completely removed such as ethanol or 2-propanol, can contribute to
the lowering of the initiation voltage.

7.5 Summary of structure-property relations
The various differences in the properties of the in-situ epoxy nanocomposites in
thiswork are attributed to a combination of the composition of thematerials (the
content and the type of inogranic oxide), the morphology and structure of the
filler particles, and the degree of dispersion of the particles. The structure and
morphology of the particles can affect the cross-linking of the epoxy chains, the
volume of the interfacial region, and the degree of interpenetration between the
organic and inorganic networks. These factors can influence the glass transition
behaviour anddielectric properties. At the same time, the choice of the inorganic
oxide filler (TiO2, Al2O3, SiO2, or even other oxides not investigated in this work)
can also be important. The different electronic structures and band gaps of
the various oxides will influence the charge trap levels and densities, thereby
affecting the electrical treeing properties and partial discharge resistance. The
treeingmayalso be affectedby the inherent permittivities of the inorganic oxides.
In addition, the morphology of the particles is also dependent on the filler
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content in the in-situ nanocomposites. Hence, both the filler morphology (size,
shape, and structure) and the filler composition (type of oxide, and amount) are
important to consider when evaluating the desired properties for applications.

The epoxy-Al2O3 and epoxy-TiO2 nanocomposites exhibited the best dielectric
and thermal properties among the three types of in-situ nanocomposites pre-
pared in this work. Due to the higher resistance to electrical tree initiation
and tree growth observed in the epoxy-Al2O3 nanocomposites, they may be
suitable for use in insulation where electrical stress from partial discharges are
prominent. The decrease in permittivity, compared to pure epoxy, at higher
temperatures may also make epoxy-Al2O3 nanocomposites attractive for high-
temperature dielectrics, which are required in generators or compact transform-
ers [1]. The decrease in PD observed in the epoxy-Al2O3 nanocomposites can
extend their lifetime as components in barriers and bushings [261], or in motor
windings and power generators [262]. The epoxy-TiO2 nanocomposites, on the
other hand, could be more suitable in applications where mechanical and ther-
mal stresses are higher. Their improved tensile strength, significantly higher
T6 , lower permittivity, increased resistance to tree growth, and increased ther-
mal stability are desirable for gas insulated switchgear, bushings, cable joints,
or other outdoor insulation [261]. The epoxy-SiO2 nanocomposites demon-
strate slight improvements in resistance towards electrical tree growth and a
lower permittivity, depending on the synthesis conditions used. However, their
poorer mechanical properties make them less desirable for outdoor applica-
tions. They might be suitable for use as packaging materials or encapsulations
for power electronic devices (e.g. power converters or insulated-gate bipolar
transistors) [263, 264]. The predicted improvements in the thermal conductiv-
ity of the epoxy-SiO2 nanocomposites from the MD simulations make them
an attractive option in insulation where heat transfer from the conductors is
important [265].
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The in-situ approach has proven to be a reliable and robust method for prepar-
ing epoxy nanocomposites with a good dispersion of the inorganic oxide filler
particles, thereby negating the challenge of producingwell-dispersed nanocom-
posites via ex-situ methods. The next step towards applications of the in-situ
nanocomposites as nanodielectrics is to explore how the synthesis conditions
canbeused to tune the structure,morphology, and thedispersionof theparticles,
and subsequently control the dielectric, mechanical, and thermal properties.

As observed from the higher permittivities at low frequencies above the glass
transition and the lower initiation voltages for trees in the epoxy-SiO2 and epoxy-
TiO2 nanocomposites, the aqueous sol-gel method for preparing nanoparticles
in situ has disadvantages, despite the excellent dispersion of the particles. There-
fore, a non-aqueous sol-gel approach should be considered. Several works have
demonstrated similar morphologies of SiO2 synthesized in situ in epoxy using
the non-aqueous approach with BF3MEA as the catalyst [21, 90, 91]. However,
there have been no investigations of the dielectric properties of nanocompo-
sites prepared using non-aqueous methods. It would therefore be interesting
to investigate the complex permittivity and electrical treeing properties in these
materials, and to check if the use of different catalysts and the removal of water
from the synthesis would be less or more detrimental to the properties. An
additional synthesis parameter that can be investigated is the type of SCA used.
Several other SCAs such as 3-(isocyanatopropyl) triethoxysilane (IPTES) or 3-
(aminopropyl) trimethoxysilane (APTMS) could be employed. APTMS may
also be hydrolysed in organic solvents without water due to the increased reac-
tivity of the methoxy groups [266], making it suitable for non-aqueous sol-gel
routes.

Further improvements to the models used in the MD simulations can allow
improved predictions of different thermoelastic properties of the nanocompo-
sites systems. The incorporation of interfacial interactions between the SiO2
nanoparticle in Model I and the epoxy chains, for example by including SCAs,
is recommended. Equivalent models for other nanoparticles, such as TiO2,
Al2O3, MgO, or ZnO, should also be built and used to predict the properties of
those nanocomposites. MD can therefore be a versatile tool for deciding which
nanocomposite systems should be selected for experimental investigations. Ex-
perimental verification of the thermal conductivities of the epoxy-SiO2 nano-
composites predicted by the MD simulations can be useful, as nanodielectrics
with higher thermal conductivities are desirable.
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Additional characterization of the dielectric properties of the nanocomposites
is strongly recommended. The dielectric breakdown strength is a critical para-
meter for nanodielectrics, and should be investigated for the in-situ nanocompo-
sites and compared to that of pure epoxy. As discussed in Chapter 6, performing
accurate measurements in the transformer oil is difficult due to the lower break-
downstrength of the oil. Therefore, theuse of test samples shaped intoRogowski
cups is recommended for these experiments. One challenge that is expected in
this approach is that the sample preparation will be comparatively more time
consuming and difficult, as the samples should be cast without defects (e.g. air
bubbles). In addition, the current flow at breakdown should be limited using
either a resistor, or a faster disconnecting circuit, to reduce the damage to the
electrodes. The effect of the filler content of the different inorganic oxides on
the breakdown strength of the nanocomposites will be highly informative of the
performances of these materials as high voltage insulation.

While the complex permittivities of the nanocomposites with different fillers
were investigated at multiple filler contents between 1 and 5 wt%, the treeing
properties were investigated only for the nanocomposites with 5 wt% filler.
Investigating how the treeing resistance (in terms of initiation voltage, or tree
growth rate, or tree morphology) varies with the filler contents of SiO2, TiO2,
and Al2O3 could be beneficial. A combination of the treeing measurements
with additional techniques, such as electroluminescence, thermally stimulated
currents, pulsed electro-acoustic and space charge measurements, can provide
deeper insight into the processes occurring at tree initiation (e.g. characterizing
trap densities and levels). 3D imaging techniques, such as X-ray computed
tomography (XCT) [220, 267] can provide a better visual representation of the
trees, allowing additional characterization of the tree structure. XCT can also
enable characterization of trees in more opaque materials, which will be useful
for investigating trees formed in nanocomposites with a poorer dispersion or a
higher filler content.

224



9 Conclusions and outlook

Nanoparticles of SiO2, TiO2, and (pseudo-)Al2O3 were synthesized in situ in
epoxy using an aqueous sol-gel procedure with APTES as a coupling agent.
The in-situ synthesis of the inorganic oxides was established as a versatile and
efficient method for consistently achieving a satisfactory state of dispersion of
the filler nanoparticles. Nanocomposites with up to 5 wt% filler content were
prepared with well dispersed nanoparticle clusters, compared to the ex-situ
nanocomposite with 0.5 wt% SiO2 with micron-sized agglomerates. Variations
in themorphologies and structures of the in-situ synthesized nanoparticles were
related to differences in the growth mechanisms and the chemistry of the pre-
cursors. The changes in the glass transition temperatures of the nanocomposites
were attributed to the changes in the structure with filler content, and the ef-
fect of including the APTES on the cross-linking degree of the epoxy chains.
Generally, at high filler contents (5 wt%) the glass transition temperatures of
the nanocomposites were increased compared to pure epoxy. The epoxy-SiO2
nanocomposites had a lower tensile strength than pure epoxy. The opposite was
observed in the epoxy-TiO2 nanocomposites, showing increased strength with
increasing TiO2 content. Both the epoxy-SiO2 and epoxy-TiO2 nanocomposites
exhibited a higher tensile modulus than pure epoxy for 5 wt% filler content.
MD simulations of the nanocomposite, modelling the SiO2 as both a particle
and as molecular units, predicted the glass transition and elastic moduli of the
nanocomposites well, compared to the measured data. The model representing
the SiO2 as a particle predicted a thermal conductivity that was closer to values
reported in literature.

The real relative permittivity at room temperature was lower in all nanocom-
posites with 5 wt% filler. The decrease in permittivity corresponds to a lower
degree of polarization of the epoxy, which was attributed to both the interaction
of the dipoles with the nanoparticles, and the interpenetration of the organic
and inorganic network. The interfacial interactions between the epoxy chains
and the nanoparticles resulted in an additional dielectric relaxation, generally
between 1 and 100 Hz. The strength of this relaxation was observed to be cor-
related with the state of dispersion of the nanoparticles. The presence of the
nanoparticles had a strong influence on the O-H dipoles in the �-relaxation, as
all the nanocomposites with 5 wt% filler exhibited a lower dielectric loss than
pure epoxy above 103 Hz. Above the glass transition, the charge transport ef-
fects in pure epoxy were usually amplified in the nanocomposites due to the
presence of additional ions and by-products from the in-situ sol-gel process.
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These by-products also contributed to the lower voltages required for initiation
of electrical trees in the nanocomposites, compared to pure epoxy. However,
the epoxy-TiO2 and epoxy-Al2O3 nanocomposites both exhibited a significant
resistance to electrical tree growth at 10 kV. The epoxy-SiO2 nanocomposites dis-
played both slower and faster tree growth than pure epoxy, depending on the
amount of APTES used. At 15 kV, the electrical tree growth rate was comparable
for the pure epoxy and epoxy-Al2O3 nanocomposites, whereas the epoxy-TiO2
nanocomposites still possessed a higher resistance to tree propagation. Two
possible factors for the improved resistance to electrical tree growth were pro-
posed and discussed: The higher inherent permittivities of the TiO2 and Al2O3
compared to pure epoxy, and the increased number and depth of carrier traps in
the inorganic oxides. The formation of these traps is also dependent on the mor-
phology and surface chemistry of the particles, which may explain the variation
in treeing properties of the epoxy-SiO2 nanocomposites with different amounts
of APTES.

The increased resistance to electrical tree propagation, lower permittivities, and
increased thermal stabilities of the in-situ nanocomposites demonstrates the po-
tential of the in-situ synthesis route in preparing these hybrid materials in high
quality. However, for this method to be used for high voltage insulation nano-
composites on an industrial scale, the complete parameter space must be un-
derstood. New challenges may also emerge in scaling up the in-situ procedure,
especially considering the use of chemicals such as TEOS, which is flammable,
and TIP, which hydrolyses easily with moisture. With an increasing focus on a
green shift in industry, further investigations should be performed on the sus-
tainability of both in-situ and ex-situ formed epoxy nanocomposites. It is worth
remembering that many of the improvements in properties demonstrated by the
in-situ nanocomposites can be useful in applications other than nanodielectrics.
While a lower permittivity is desirable in electrical insulation, higher permittivi-
ties can be attractive for capacitors [262,265]. Thus, the in-situ synthesis of other
inorganic fillers, such as BaTiO3, that are known to increase the permittivity of
the nanocomposites can be explored as well. Control of the permittivity in the
material can also allow development of functionally graded materials, enabling
control over the distribution of the electric field [264,265]. An improved under-
standing and overview of the in-situ synthesis route can enable the preparation
of several different inorganic oxides simultaneously in epoxy, with control over
the structures of the different oxides. The use of two or more different types of
fillers in epoxy nanocomposites can lead to the development of novel materials
for nanodielectrics.
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Abstract
Polymer nanocomposites are often produced using in situ approaches where an inorganic filler (as the dispersed phase) is
synthesized directly in an organic matrix. Such an approach generally leads to improved dispersion and reduced
agglomeration of the filler material. Epoxy-based nanocomposites have demonstrated promising properties for application as
high-voltage insulation materials. In this work, a sol–gel based method has been adapted to synthesize surface-functionalized
SiO2 in situ in epoxy. The synthesized SiO2 moieties were dispersed in clusters of 10–80 nm, and formed chemical bonds
with the epoxy monomers via a silane coupling agent. Raman spectra show the formation of four-membered D1 rings, which
may be part of a cage-like structure similar to that of polyhedral oligomeric silsesquioxanes (POSS). SAXS measurements
indicate that the SiO2 clusters consist of a hierarchical structure with an increasing fractal dimension with increasing SiO2

content. The nanocomposites displayed improved thermal stability, while the glass transition behavior varied depending on
the structure and content of the SiO2 moieties. While the relative permittivity showed no significant changes from that of
pure epoxy, the onset of the dielectric relaxation changed with the SiO2 structure and content, similar to the behavior
observed for the glass transition.

Graphical Abstract
The synthesis of surface-functionalized SiO2 in situ in an epoxy resin (DGEBA) resulted in a good dispersion and limited
agglomeration of the SiO2 in the nanocomposite, with little deviation in the dielectric properties (i.e., complex permittivity).
The SiO2 is suspected to have a hierarchical structure based on the SAXS measurements, with the primary structural level
consisting of POSS-like cages, and an evolution in the structure from inorganic chains to cross-linked clusters with
increasing SiO2 content.
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Highlights
● Surface-modified SiO2 clusters of 10–80 nm synthesized in situ in epoxy using a sol–gel method.
● Raman spectra show the formation of four-membered SiO rings (D1 breathing mode).
● SAXS indicates the presence of a hierarchical structure within the SiO2 clusters.
● The glass transition and the dielectric relaxation varies with the structure and content of SiO2.
● No significant changes in relative permittivity.

1 Introduction

Epoxy-based nanocomposites, containing inorganic oxide
nanoparticles as filler, are often used as nanodielectrics in
high-voltage insulation materials or microelectromechanical
systems due to the novel properties exhibited by these
hybrid materials [1–3]. Several studies have presented the
advantages of adding nanoparticles of SiO2, TiO2, MgO,
ZnO, BN, etc. to the epoxy matrix, such as higher dielectric
breakdown strengths, reduced complex permittivity,
decreased accumulation of space charge, greater mechanical
strength and fracture toughness, increased thermal stability,
and higher glass transition temperatures [4–11]. However,
there is a large spread in the reported results, likely due to
the difficulty in consistently achieving a homogeneous and
stable dispersion of nanoparticles in epoxy. A poor dis-
persion quality can result in a deterioration of the desired
dielectric properties [12]. The use of surface modifiers for
the nanoparticles, such as silane coupling agents (SCAs) or
organophosphate ligands, have been shown to improve the
properties of epoxy nanocomposites [13]. These surface
modifiers allow chemical bonds to form at the interfaces
between the nanoparticles and the polymer chains, facil-
itating the dispersion of the nanoparticles [14], thereby
increasing the interfacial area. The interfacial region
between the nanoparticles and the polymer chains is thought
to play a key role in determining the properties of these
nanocomposites. Tanaka et al. [15] proposed a multicore
model to describe the interfacial region, suggesting three
distinct layers around the nanoparticles. The strength of the
bonds between the polymer chains and the nanoparticle
surface varied in each layer, thus affecting the mobility and
chain conformation. Earlier studies of the dielectric prop-
erties of epoxy nanocomposites have primarily applied an
ex situ blending method in the preparation of the materials,
which involves mechanically mixing presynthesized nano-
particles into the uncured epoxy resin. The high viscosity of
the epoxy resin makes it difficult to disperse the nano-
particles during a physical mixing procedure, which also
does not always break up any existing agglomerates. The
use of ultrasonication has shown to improve the dispersion
quality to a certain degree [16]. However, even with the use

of surface-functionalized nanoparticles, the use of ex situ
techniques makes it challenging to obtain a homogeneous
dispersion of nonagglomerated nanoparticles in the epoxy.

An alternative approach to improve the dispersion
quality is in situ synthesis of the inorganic oxide directly in
the epoxy using the sol–gel method [17]. One of the
advantages of this method is the ability to control the size
and morphology of the inorganic moieties formed by
adjusting the synthesis parameters, e.g., precursor con-
centration, temperature, pH, as well as type and amount of
catalyst [18]. SCAs may also be applied to form stronger
interactions between the organic and inorganic components,
resulting in the formation of class II hybrid materials [19].
Several studies have investigated the in situ formation of
SiO2 networks in epoxy using sol–gel methods and the
resulting changes in the structure, as well as the mechanical
and thermal properties of the hybrid materials. Matějka
et al. [20, 21] showed variations in the fractal dimension of
the SiO2 structures formed, depending on whether a single-
step procedure or a two-step procedure (with prehydrolyzed
tetraethylorthosilicate (TEOS) as the SiO2 precursor) was
used in the synthesis. Nazir et al. [22] and Afzal and Siddiqi
[18] reported improvements in the dispersion quality, the
storage modulus, and a higher glass transition temperature
(Tg) when a two-step procedure with SCAs was used. Yu
et al. [23] found an improved dispersion quality and higher
flexural moduli and impact strengths for in situ prepared
nanocomposites. However, to the best of our knowledge, no
studies have reported the dielectric properties such as the
complex permittivity and dielectric breakdown strength of
epoxy-SiO2 nanocomposites synthesized using an in situ
sol–gel method. These are critical properties for applications
of these hybrid materials, for example as nanodielectrics in
high-voltage power insulation systems and components.

Hence, the objective of this work is to develop a
synthesis route to epoxy-SiO2 nanocomposites with a
homogeneous dispersion of the SiO2, by nucleating surface-
functionalized SiO2 nanoparticles in situ in silanized epoxy.
The structure of the hybrid materials and their thermal
stability, glass transition, and complex permittivity have
been investigated and an improved understanding of the
structure–property relations has been developed. This
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provides a solid basis for optimization of the synthesis route
to tailor the functional properties of nanocomposites, and
eventually improve the dielectric properties.

2 Experimental

2.1 Materials

Diglycidyl ether of bisphenol-A (DGEBA, molar mass of
340.41 gmol−1, epoxide equivalent weight of 170.2 g/eq
epoxy) was used as the epoxy monomer. Poly(propylene
glycol) bis(2-aminopropyl ether) (molar mass of 230 gmol−1,
and amine-hydrogen equivalent weight of 57.5 g/eq amine)
was the curing agent for the system. TEOS was used as the
precursor for the SiO2, and 3-(aminopropyl) triethoxysilane
(APTES) was employed as the coupling agent between the
SiO2 and the epoxy chains. Distilled water, brought to pH 2
using concentrated HCl (37%), was the catalyst for the
hydrolysis reaction. All chemicals were obtained from Merck.

2.2 Preparation of samples

2.2.1 Pure epoxy samples

As a reference, samples of pure epoxy (containing no SiO2

or APTES) were prepared by mixing DGEBA with the
curing agent (1:1 ratio of epoxide to amine-hydrogen
groups) in a beaker for 15 min at room temperature using a
mechanical stirrer. The mixture was degassed in vacuum
(<10 mbar pressure) for 15–20 min to remove entrapped gas
and air bubbles introduced during the stirring. Two different
types of samples were prepared for different characteriza-
tion methods. Bulk samples (30 mm diameter, thickness
varying between 3 and 15 mm) were formed by pouring the
resins into cylindrical Teflon molds. The walls of the molds
were waxed lightly with high-vacuum silicone grease to
allow the samples to be more easily ejected from the molds
after curing. The samples were cured at 100 °C for 5 h. Thin
disc-shaped samples (10 cm in diameter, 0.5 mm thick)
were also prepared by mixing the resin and curing agent,
and then injecting the resin using 700 mbar of air pressure
into a stainless steel mold under vacuum. Frekote NC-150
(Henkel) was used as the release agent for this mold. The

mold was then kept under vacuum (<10 mbar pressure) for
30 min to remove any air bubbles remaining in the resin
before curing at 100 °C for 5 h.

2.2.2 Epoxy-SiO2 nanocomposites

The chronological two-step procedure employed by Afzal
and Siddiqi [18] is adapted in this study for the preparation
of the nanocomposite samples. Table 1 shows the reactants
and amounts used in the synthesis of the materials with
different SiO2 contents. The sample names in Table 1 are
used to identify the different materials investigated in this
work.

DGEBA was initially heated to 80 °C under reflux in a
round-bottomed flask on a heating mantle to reduce the
viscosity and enable easier stirring. APTES was added to
the DGEBA (in a weight ratio of 1:10 for APTES:DGEBA)
and mixed with a magnetic stirrer for 1 h at 80 °C. After-
ward TEOS was added to the mixture, which was stirred for
another hour at 60 °C. The amount of TEOS was varied
corresponding to a SiO2 content between 0 and 5 wt% of the
total mass. Water (in the ratio 2:1 for water to TEOS and
1.5:1 for water to APTES), brought to pH 2 using con-
centrated HCl, was then added to catalyze the hydrolysis
of TEOS. The mixture was stirred for 4 h at 60 °C, and
then 1 h at 80 °C to allow the hydrolysis and condensation
reactions to be completed. The mixture was then poured
into a beaker, and stirred for 15–18 h at 80 °C overnight
to evaporate any unreacted water or alcohol byproducts.
The resin was then mixed with the curing agent, casted in
the molds, and cured using the same procedures as
described above. All the samples are identified based on
the SiO2 content that originated from the TEOS added.
Figure 1 displays a flow chart for the preparation of the
nanocomposites.

2.3 Characterization

Fourier transform infrared (FTIR) spectroscopy was per-
formed on the thin disc samples using a Bruker Vertex 80 v
spectrophotometer equipped with a Bruker Platinum atte-
nuated total reflectance (ATR) diamond. For each sample,
32 scans were recorded at a resolution of 1 cm−1. For the
in situ measurements, a drop of the reactant mixture from

Table 1 Compositions of the
reactants used in the synthesis of
epoxy nanocomposites with
varying SiO2 content

Sample name Epoxy (g) APTES (g) TEOS (g) Water (g) Curing agent (g) Nominal amount of SiO2 formed
from TEOS (wt%)

EAS0 30 0 0 0 10.13 0

EAS1 3 1.51 0.63 1

EAS2 3.06 0.89 2

EAS3 4.63 1.17 3

EAS4 6.24 1.44 4

EAS5 7.88 1.73 5
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each synthesis step was placed on the ATR diamond. For
the measurements on the cured samples, 0.5 mm films were
pressed down on top of the diamond.

Raman spectroscopy was also performed on the disc
samples using a WITec Alpha 300R using a monochromatic
diode laser (λ= 532 nm) at 10 mW power. The spectra were
measured with three accumulations collected over an inte-
gration time of 60 s for each accumulation.

Small angle X-ray scattering (SAXS) measurements were
performed on a Bruker NanoSTAR instrument with a Cu
microsource and Våntex-2000 detector, operating at 50 kV
and 600 μA. Both the disc and the bulk samples, which were
cut to 1mm thickness using a diamond saw, were used. The
scattering vector (q) range was from 0.009 to 0.3Å−1, and a
glassy carbon standard was used to obtain an absolute scale
for the scattering intensities. All the intensities were corrected
for the scattering from the empty sample compartment. The
measurements were analyzed using both model-independent
methods (Guinier and Porod laws), and the unified expo-
nential/power-law fitting model developed by Beaucage (for
hierarchical structures) [24] to characterize the inorganic
structures after subtraction of the background scattering from
the pure epoxy matrix. The software SasView 4.2.0 was used
to obtain the fits to the unified model.

Transmission electron microscopy (TEM) was performed
using a JEOL JEM 2100F with an accelerating voltage of
200 kV. The samples were prepared from the bulk samples
using an ultramicrotome to cut ~50–100 nm thin slices.

Differential scanning calorimetry (DSC) was performed
on a Netzsch DSC 214 Polyma instrument. Five to ten
milligrams sized pieces were cut from the bulk samples and
used for the measurements. The samples were cycled four

times between 0 and 200 °C at 10 °C/min rates (both heat-
ing and cooling), with N2 gas flow at 40 mL/min. The glass
transition temperature was determined from the local max-
ima in the heat capacity measured in the final cycle. Ther-
mogravimetric analysis (TGA) was carried out on a Netzsch
STA 449C using an alumina crucible and synthetic air
(30 mL/min gas flow). The samples were first held at 120 °C
for 30 min, before being heated to 900 °C at 10 °C/min.

Dielectric spectroscopy was performed using a Novocon-
trol Spectrometer with an Alpha Beta dielectric analyzer and a
BDS1200 sample cell. The cylindrical bulk samples were
grinded with SiC paper (#800, #1200, and #2000 grade) and
dried in a vacuum oven at 120 °C for 2 h, before gold elec-
trodes were sputtered onto the top and bottom surfaces. An
electric field of 0.1 V/mm was used, and the spectroscopy was
performed between 1 and 106 Hz at room temperature.
Measurements were performed on four to five samples for
each nanocomposite with SiO2 and for pure epoxy.

3 Results

3.1 Structure and morphology of the
nanocomposites

The prepared nanocomposite and pure epoxy samples were
transparent and clear. No visual indication of phase
separation of the inorganic filler from the epoxy matrix was
observed. The dispersion of the in situ prepared SiO2

nanoparticles was observed from the representative TEM
and STEM images in Fig. 2. The SiO2 nanoparticles are
arranged in irregularly shaped clusters varying in size

Fig. 1 Flow chart outlining the synthesis procedure for the preparation of nanocomposites

Fig. 2 a TEM image of the nanocomposite EAS5, and b STEM dark-field image of the nanocomposite EAS2
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between 10 and 20 nm for the EAS2 sample, and between
20 and 50 nm with some larger clusters up to 80 nm for the
EAS5 sample.

Figure 3a shows the development of the FTIR spectra
during the in situ synthesis. Figure 3b, c magnify the regions
in which important changes occur as the reaction proceeds.
The strong characteristic bands from Si–O–C bonds
(1070–1105 cm−1) and the ethyl groups (940–970 cm−1),
present in both APTES and TEOS, are observed [25]. These
bands are strongest upon addition of TEOS, but as the reac-
tion proceeds they become relatively weaker (compared with
the band at 1036 cm−1 assigned to the aromatic C–O–C group
in the DGEBA [26]). The band originating from the oxirane
ring at 915 cm−1 [26] is also weaker upon reaction with
APTES (shown by the dotted red lines). The broad band
between 3300 and 3600 cm−1 corresponds to O–H groups,

which becomes stronger at later stages of the reaction. The
characteristic band from the N–H bonds in APTES at
1620 cm−1 is difficult to distinguish due to overlap with the
C=C aromatic band in DGEBA [26]. The spectra of the pure
epoxy (EAS0) and nanocomposite epoxy film (EAS4) after
curing are shown in Fig. 4. The broad band from the O–H
groups is more intense due to the opening of all the oxirane
rings in DGEBA by the curing agent, which results in a
significant decrease in the characteristic band at 915 cm−1.
The O–Si–O rocking band is observed at 450 cm−1 in the
nanocomposite. The more characteristic fingerprint of inor-
ganic Si–O–Si networks is observed at 1080–1100 cm−1

[27, 28] for the nanocomposite sample containing SiO2,
shown in the inset. The pure epoxy also exhibits a band in the
same range, which is attributed to the C–O stretching
(1089 cm−1) from the curing agent [29]. A considerable

Fig. 3 a FTIR spectra of the
reactant mixture during the in situ
synthesis at four stages of the
reaction process: after the
addition of APTES to DGEBA
(1), after the addition of TEOS
(2), 5 h after the addition of water
(3), and upon completion of the
reaction (18 h without reflux) (4).
Magnified spectra are shown in
the (b) 800–1200 cm−1 range,
and the (c) 2500–3800 cm−1

range as the reaction proceeds
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overlap between these two bands is observed in the cured
nanocomposite samples containing SiO2.

In the Raman spectra, shown in Fig. 5, the band from the
four-membered SiO rings is observed at 483 cm−1 (D1

*) in
the EAS3 sample. A broad Raman peak in the range of
470–510 cm−1 is detected for samples with a larger SiO2

content (EAS4 and EAS5). This peak can be identified as an
overlap of two Raman modes, D1

* mode at 484 cm−1 and
D1 at 493 cm−1. For pure epoxy (EAS0) these bands are
absent in this region, as expected due to the lack of any
SiO2, while for small amounts of SiO2 (EAS1 and EAS2)
they were weaker and difficult to detect.

Figure 6a displays the SAXS profiles of pure epoxy as
well as nanocomposites with varying SiO2 content. The
scattering intensity increased with the amount of SiO2. All
the materials exhibit a broad knee feature in a q range

between 0.02 and 0.07 Å−1, which shifts to lower q values
with increasing SiO2 content. The nanocomposites with
higher SiO2 content (EAS3 and EAS5) possess an addi-
tional knee at higher q values (between 0.1 and 0.2 Å−1)
that can be attributed to inorganic domains with higher
electron density [30]. These features in the scattering may
be attributed to inorganic nanoparticles arranged in hier-
archical structures at different size scales [31]. The scat-
tering data for all the samples were analyzed using model-
independent methods. At low q values below 0.02 Å−1,
Guinier analysis was performed to calculate the radius of
gyration, Rg, for the nanoparticles. Assuming that the
scattering objects are spherical, the size of the inorganic
domains (d) was calculated using as

d ¼ 2Rg

ffiffiffi

5
3

r

: ð1Þ

The slopes of the linear regions of a log–log plot (log(I) vs
log(q)) at intermediate q values (0.03 < q < 0.13), where the
best linear fit for each plot could be obtained, were
calculated to obtain the power-law scaling of the scattering
by the inorganic structures (fractal dimension, D). Both the
model-independent analysis and the fitting to the unified
model were performed after subtraction of the background
scattering from the pure epoxy matrix, so that the
calculations represent the SiO2 only and do not include
scattering effects from the epoxy.

The fits of the SAXS data with the unified model [24]
using two structural levels for the EAS3 and EAS5 samples
in the q range 0.015–025 Å−1 are shown in Fig. 6b. The first
structural level was assumed to consist of perfectly sphe-
rical nanoparticles (with size d1), which are then arranged in
clusters (of size d2) to form the second structural level.
Acceptable fits were not obtained for the samples containing
a lower amount of SiO2, since they do not exhibit the
scattering feature at higher q. From these fits, the radius of
gyration for the two structural levels (Rg

1 and Rg
2), the

particle size and cluster size (d1 and d2, respectively), and
the fractal dimension for the clusters in the second structural
level (D2) were obtained. The fractal dimension for the first
structural level was fixed to a value of 4, assuming that the
spherical nanoparticles have perfectly smooth surfaces.

Table 2 shows the calculated parameters from the model-
independent Guinier and Porod laws and from the unified
model. Using both analysis methods, an increase in the SiO2

content resulted in an increasing Rg (and therefore an
increasing particle or cluster size) and an increase in the
fractal dimension. The increase in Rg indicates the forma-
tion of larger inorganic domains. The calculated size of
these structures is comparable with the sizes observed from
the TEM images. The increase in the fractal dimension may
also represent an evolution of the network structure of the
SiO2 — the samples with a lower SiO2 content (EAS1,

Fig. 5 Raman spectra of pure cured epoxy (EAS0) and epoxy nano-
composites with different SiO2 contents (EAS3, EAS4, and EAS5).
The Raman shift for the different four-membered SiO rings (D1 and
D1*) are indicated

Fig. 4 FTIR spectra of cured films of pure epoxy (EAS0) and epoxy
nanocomposite with SiO2 (EAS4). The inset shows a magnified part of
the low frequency region of the spectra, exhibiting the difference in the
spectra
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EAS2, and EAS3) are more likely to consist of inorganic
chains, representing a mass fractal structure (D < 3), while
for a higher SiO2 content (EAS5) the chains are coiled up
and cross-linked into a more compact structure, representing
a surface fractal (3 <D < 4).

3.2 Properties of the nanocomposites

The glass transition temperatures (Tg) of the nanocompo-
sites were determined from the local maxima in the heat
capacity as shown in Fig. 7a, and the measured values are

Fig. 6 a SAXS profiles of pure epoxy (EAS0) and epoxy nano-
composites with different SiO2 contents (EAS1, EAS2, EAS3, and
EAS5), and b the unified model fit to the scattering data, as shown by

the solid lines, for the EAS3 and EAS5 samples. The reduced χ2 values
for the two fits are also shown

Table 2 Calculated structural
parameters of the epoxy-SiO2

nanocomposites calculated from
the model-independent Guinier
and Porod laws, and from the
unified model fits

Sample Guinier and Porod laws Unified model

Rg (nm) d (nm) D Rg
1 (nm) d1 (nm) Rg

2 (nm) d2 (nm) D2

EAS5 12 31 3.06 2.8 7 13 34 3.48

EAS3 6 16 2.47 2.1 5 11 28 2.91

EAS2 7 18 2.33 – – – – –

EAS1 4 10 1.94 – – – – –

The superscripts 1 and 2 indicate the first and second levels in the hierarchical structures

Fig. 7 a Variations in the heat capacity, and b thermogravimetric analysis of the nanocomposites with different SiO2 contents. The dotted lines
indicate the glass transition temperature (Tg)
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shown in Table 3. The incorporation of SiO2 in epoxy
resulted in an initial decrease of Tg to ~73 °C for 2 wt% SiO2,
followed by an increase to 87 °C for 5 wt% SiO2. Figure 7b
shows the TGA of the nanocomposites, displaying the
increased thermal stability of the nanocomposites compared
with pure epoxy at temperatures above 325 °C. Above
330 °C, the pure epoxy experiences a rapid drop in mass as it
decomposes. The nanocomposites do not degrade until
~350 °C. The pure epoxy is completely decomposed before
600 °C, while in the nanocomposites the decomposition is
delayed to 650 °C. The remaining mass beyond 650 °C cor-
responds to the amount of SiO2 in the sample. The measured
values of the temperatures for the initial decomposition (10%
mass loss) from the TGA are included in Table 3.

Figure 8 shows the results from the dielectric spectroscopy
measurements, i.e., the relative permittivity (or dielectric
constant) and the dielectric loss tangent (tan δ) of pure epoxy
and epoxy-SiO2 nanocomposites. The permittivity curves and
dielectric loss tangents were averaged over at least four dif-
ferent samples for each composition. The addition of SiO2

does not significantly affect the complex permittivity. The real
relative permittivity differed between 0.2 and 0.4 from the
values of pure epoxy across all frequencies measured. The
nanocomposites exhibited a larger dielectric loss than the pure
epoxy below 500Hz, although the losses for all the samples
were generally quite low (below 1%) at 50 Hz.

Table 3 also contains the permittivity and loss tangent
(tan δ) at 50 Hz for each material, as well as the frequency
for the onset of the dielectric relaxation exhibited by all the
materials. This frequency was determined by the intersec-
tion of two linear regression lines from the two regions, as
demonstrated in the inset in Fig. 8.

4 Discussion

4.1 Reaction pathway and resulting structure of the
inorganic component

A schematic showing the proposed pathway for the reac-
tion, based on the changes observed in the FTIR spectra, is
shown in Fig. 9. The decrease in the band from the oxirane
ring, the emergence of the O–H band, and the absence of
the N–H band confirm that the DGEBA monomers have
been silanized with the APTES. Upon addition of TEOS
and the subsequent reaction with water, no further changes
are observed in the oxirane ring band. However, the O–H
band increases over time, which can be attributed to the
hydrolysis of the TEOS and subsequent formation of sur-
face O–H (silanol) groups after the SiO2 clusters have
formed. The band for the Si–O–C groups is present in the
initial mixture (due to the APTES) and is seen to increase
after addition of TEOS, as expected. The initial decrease in
this signal over the first few hours is attributed to the

Table 3 Thermal and dielectric properties of pure epoxy and epoxy-
SiO2 nanocomposites

Sample Tg [°C] T10
a [°C] Permittivityb tan δb Relaxation frequencyc [Hz]

EAS0 83 330 4.53 0.0049 2630

EAS1 82 347 4.50 0.0086 2874

EAS2 73 347 4.61 0.0069 11501

EAS3 76 347 4.52 0.0067 6391

EAS4 81 343 4.68 0.0097 5648

EAS5 86 343 4.70 0.0076 4531

aTemperature at which 10% of mass has thermally decomposed
bAverage values measured at 50 Hz
cFrequency at the onset of the dielectric relaxation

Fig. 8 a Real relative permittivities (ε), and b the loss tangent (tan δ)
of pure epoxy (EAS0) and epoxy nanocomposites (EAS1, EAS2,
EAS3, EAS4, and EAS5) as a function of frequency (f). The inset in a
demonstrates how the frequency for the start of the dielectric

relaxation was determined. The standard deviation in the average
permittivity values is <0.05 for all the samples, except the
EAS3 sample where the standard deviation is 0.25. The standard
deviation in the average tan δ values is <0.003
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breaking of the Si–O–C bond during hydrolysis. However,
the subsequent formation of Si–O–Si bonds (which are
characterized by a band in the same region) by the con-
densation reactions results in no further changes over the
remainder of the reaction.

As seen in the Raman spectra (Fig. 5), the D1 breathing
mode at 495 cm−1 is shifting between 484 and 503 cm−1

depending on the organic groups that are attached to the Si
[32]. The shift to D1* in samples containing SiO2 can
therefore be attributed to the surface functionalization,
where one of the Si in the four-membered rings originates
from the APTES and is connected to a carbon chain instead
of oxygen. Due to the presence of the D1* mode only for the
nanocomposite with 3 wt% of SiO2, it is likely that all of the
SiO2 structures formed are chemically bonded directly to
the epoxy, while for higher SiO2 contents (4 and 5 wt%)
both types of four-membered rings are formed. Therefore,
some of these rings are originating from the APTES (as
demonstrated in Fig. 9) and the others are formed from the
hydrolysis and condensation of isolated TEOS molecules
with no covalent attachment to the epoxy.

In addition, the features observed by SAXS of these
nanocomposites are similar to those observed for the epoxy
nanocomposites containing silsesquioxanes structures
[30, 33, 34]. The size of the primary structure level (5 nm
and 7 nm for 3 wt% and 5 wt% SiO2, respectively) is close
to that reported for polyhedral oligomeric silsesquioxanes
(1–3 nm) [35, 36]. Combined with the observations from
Raman, it is therefore likely that the SiO2 domains in the
nanocomposites in the present work consist of particles built
from oligomeric silsesquioxanes units, consisting of a cage
structure with four-membered SiO rings on each face, as
exemplified in Fig. 10. These structures may contain SiO
rings with or without attachment to the APTES (resulting in
the D1* and D1 bands in the Raman spectra).

The model-independent analysis of the SAXS measure-
ments only provides limited information from a certain q
range, since Guinier’s law is only applied at q < 0.02. As
seen in Fig. 6a, the scattering from the samples shows more
complex behavior, particularly for higher SiO2 content, with
multiple Guinier regions (represented by the broad features,
or knees) separated by a power-law (Porod) region. The
data for the samples with 3 and 5 wt% SiO2 (EAS3 and
EAS5) showed a reasonable fit to the unified model
developed by Beaucage [24], which describes hierarchical
systems that show multiple Guinier and Porod regions in the
scattering. These hierarchical systems consist of multiple
structure levels, where each structure level is composed by
an arrangement of the previous smaller level. The model
could not provide good fits for the samples with 1 and 2 wt%
SiO2 (EAS1 and EAS2). The calculated parameters (Rg

2

and d2) for the EAS5 sample are closer to the equivalent
parameters calculated using the Guinier and Porod laws (Rg

and d), while for the EAS3 sample there is a larger differ-
ence between them. The unified model also predicts higher
fractal dimensions than using Porod’s law. However, it
should be noted that while the term fractal dimension is
used to describe the inorganic structure, it is not necessarily
expected that the clusters demonstrate fractal organization
over multiple length scales. This is because the fractal
dimensions were calculated from the slope in a narrow q
range, since the power-law regime displays structural limits
due to the Guinier features. However, this is a still useful
qualitative descriptor for the type of structure (chains in the
case of mass fractals, or a cross-linked network in the case
of surface fractals) present in the clusters.

The size of the SiO2 clusters calculated from the SAXS
measurements are comparable with those measured by
TEM, as seen for the EAS5 sample where the SAXS cal-
culations predict an average cluster size between 31 and

Fig. 9 Schematic of the possible reaction pathway during the in situ synthesis of SiO2 nanoparticles from hydrolysis and condensation of TEOS in
the epoxy resin
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34 nm, and the TEM shows clusters between 20 and 50 nm.
A similar comparison can be made for the EAS2 sample.
However, it is more difficult to determine from the TEM if
the SiO2 is organized as a mass or surface fractal network,
as predicted by the SAXS.

4.2 Properties of the nanocomposites

The thermal analysis of the nanocomposites displays an
interesting effect of the incorporated SiO2 on the glass
transition temperature of the epoxy, as shown in Fig. 11.
The initial decrease in Tg for lower SiO2 contents may be
attributed to the mass fractal structure of the SiO2, with
polymer-like chains of silsesquioxanes, exhibiting a plasti-
cizing effect on the surrounding resin [33]. With higher
SiO2 content, the inorganic domains form more clustered
structures, as evidenced by the increase in fractal dimension

from the SAXS measurements. In addition, there are more
nanoparticles chemically bonded to the polymer chains for
the higher SiO2 content. The nanoparticles and the inter-
facial regions subsequently become more rigid, hindering
the free motion of the polymer chains, thereby leading to an
increase in Tg. The thermal stability of the materials is also
improved by the incorporation of SiO2. The initial degra-
dation temperature is increased by 13–17 °C compared with
pure epoxy, and is independent of the amount of SiO2

added. The plateau in the polymer decomposition was also
observed by Bauer et al. [37], and was attributed to char
formation where the samples are carbonized. The increased
thermal stability of the nanocomposites may be explained
by the inorganic nanodomains of SiO2 acting as a barrier to
the decay of the organic components, with higher tem-
peratures needed to break the chemical bonds at the inter-
faces. A closer observation of the morphology of the SiO2

remaining after the pyrolysis of the epoxy shows a skeletal
SiO2 network with a shape similar to that of the original
sample but slightly smaller in size, suggesting the formation
of a continuous inorganic network as the epoxy is burnt off
during the degradation.

Another effect of the SiO2 is the shift in the dielectric
relaxation observed around 103–104 Hz (Fig. 8). This is
classified as a β-relaxation, which is attributed to the
relaxations caused by O–H groups in the chain [5, 38]. The
onset of the relaxation is observed to shift to a higher fre-
quency initially for samples with a low SiO2 content, or to a
lower frequency for samples with a higher SiO2 content, as
shown in Table 3 and in Fig. 11. This behavior mimics the
changes observed for the Tg in the opposite pattern, and may
be explained with a similar reasoning. The samples with 1
and 2 wt% SiO2 have polymer-like inorganic chains, where
the dipoles in the O–H groups are more free to move and
reorient themselves. These dipoles can therefore keep up

 

Fig. 10 Representation of the
possible cage-like
silsesquioxane structure with
four-membered SiO rings on
each face of the cage. The O
atoms attached to the Si on the
corners may be attached to other
cages or terminated as surface
O–H groups

Fig. 11 Comparison of the changes in the glass transition temperature
and the dielectric relaxation frequency with the amount of SiO2 in the
nanocomposites
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with the alternating electric field up to higher frequencies,
delaying the dielectric relaxation. However, the inorganic
domains are more compact and clustered (with higher
fractal dimension) in the samples with higher SiO2 content,
and the dipoles cannot reorient themselves as quickly. The
increased rigidity in the nanodomains results in the dielec-
tric relaxation occurring at lower frequencies.

Tanaka et al. proposed that the presence of inorganic
nanofillers possessing strong chemical bonds to the polymer
matrix would lead to lower relative permittivity and loss
factors [15]. However, despite the dispersion of the in situ
grown SiO2 nanodomains, there is no significant influence of
the filler content on the permittivity or losses of the mate-
rials. Most of the studies reporting a decreased complex
permittivity of epoxy nanocomposites have employed
spherical nanoparticles that are dispersed. It is therefore
possible that the fractal-like network structure of the inor-
ganic nanodomains produced in the present work may be
responsible for the absence of any significant changes in the
relative permittivity from that of pure epoxy. Thus, it is of
interest to vary the parameters of the in situ sol–gel synthesis
that are known to affect the reaction kinetics in order to form
different nanostructures of the inorganic oxide component.

5 Conclusion

The use of an adapted sol–gel method to synthesize and
grow SiO2 nanoparticles directly in the epoxy matrix is
shown to be a successful approach in obtaining a well
dispersed inorganic filler phase in the prepared nano-
composites. The nanoparticles were found to consist of
cage-like four-membered SiO rings, which may then be
arranged in fractal-like clusters (either as inorganic chains
or a cross-linked network, depending on the SiO2 content).
The resulting epoxy-SiO2 nanocomposites have improved
thermal stability compared with pure epoxy, while the
complex permittivity does not show significant deviation
from that of pure epoxy. The presence of SiO2 as more
mobile chains causes a softening effect on the surrounding
polymer, resulting in a lower glass transition and a delay in
the dielectric relaxation. On the other hand, when the SiO2

is present as a cross-linked network, it results in an
increased rigidity of the surrounding polymer and an asso-
ciated increase in the glass transition temperature and earlier
onset of the dielectric relaxation. These findings show the
influence of the inorganic filler morphology and structure
on the properties of the final nanocomposite material.
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Abstract: Epoxy nanocomposites have demonstrated promising properties for high-voltage insula-
tion applications. An in situ approach to the synthesis of epoxy-SiO2 nanocomposites was em-
ployed, where surface-functionalized SiO2 (up to 5 wt.%) is synthesized directly in the epoxy. The 
dispersion of SiO2 was found to be affected by both the pH and the coupling agent used in the 
synthesis. Hierarchical clusters of SiO2 (10-60 nm) formed with free-space lengths of 53–105 nm 
(increasing with pH or SiO2 content), exhibiting both mass and surface-fractal structures. Reducing 
the amount of coupling agent resulted in an increase in the cluster size (~110 nm) and the free-space 
length (205 nm). At room temperature, nanocomposites prepared at pH 7 exhibited up to a 4% in-
crease in the real relative permittivity with increasing SiO2 content, whereas those prepared at pH 
11 showed up to a 5% decrease with increasing SiO2 content. Above the glass transition, all the 
materials exhibited low-frequency dispersion effect resulting in electrode polarization, which was 
amplified in the nanocomposites. Improvements in the dielectric properties were found to be not 
only dependent on the state of dispersion, but also the structure and morphology of the inorganic 
nanoparticles. 

Keywords: nanocomposites; electrical insulation; dielectric properties; filler dispersion; in situ syn-
thesis; sol–gel 
 

1. Introduction 
Nanodielectrics, which are often defined as polymer composites containing filler par-

ticles smaller than 100 nm, have attracted interest for applications in high-voltage insula-
tion due to their potentially higher dielectric breakdown strengths and lower complex 
permittivities, compared to unfilled polymers [1–3]. These benefits have been primarily 
attributed to the inclusion of nano-sized particles and the subsequent increase in interfa-
cial regions between the organic matrix and inorganic filler [4]. However, the improve-
ments in dielectric properties of nanocomposites is inconsistent across multiple studies 
[1], which is most likely due to variations in material processing and the resulting disper-
sion of the incorporated nanoparticles [5]. Dispersion of inorganic nanoparticles in an or-
ganic matrix is a challenging aspect of the processing, as the particles tend to agglomerate 
to reduce the high surface energy. This surface energy can be reduced by improving the 
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compatibility between the inorganic and organic components, which is usually done us-
ing coupling agents, ligands, or other types of surface modifiers [6]. Therefore, under-
standing the interactions in the interfacial regions is important for explaining the proper-
ties of the nanocomposite materials.  

Among such materials, epoxy resin-based composites are commonly used in power 
equipment (cast-resin transformers, rotating machines, switchgear insulators, bushings, 
terminations, etc.) as high-voltage insulation, as well as other electrical applications, such 
as printed circuit boards [1,2,7]. Epoxy possesses good chemical resistance, high thermal 
stability, high tensile strength and toughness [6], making it suitable for such applications 
where the insulation is subjected not only to electrical stresses, but also thermal and me-
chanical stress from equipment operations [8].  

Dielectric materials require a high dielectric strength as well as low power loss for 
applications in high-voltage apparatus. Since the power loss is proportional to both the 
real and imaginary parts (dielectric loss tangent) of the permittivity, the complex permit-
tivity should also be low. Nelson and Fothergill [9] were among the first to demonstrate 
improvements in the dielectric properties of epoxy with the incorporation of inorganic 
nanoparticles. Since then, several others have reported similar results with a variety of 
different nanoparticles. Singha and Thomas presented reduced permittivities in epoxy-
TiO2 nanocomposites. Kochetov et al. [10] demonstrated similar improvements in epoxy 
nanocomposites containing AlN, MgO, or Al2O3. Virtanen et al. [11], Bell et al. [12], and 
Yeung and Vaughan [13] all reported improved short term dielectric breakdown strengths 
in epoxy-SiO2 nanocomposites with various organic surface modifications. However, to 
the best of our knowledge, most studies investigating the dielectric properties of epoxy-
based nanocomposites have used an ex situ processing route, where pre-synthesized na-
noparticles (which may be surface-functionalized) are added to the epoxy resin and dis-
persed by physical methods (high shear mixing, blending, or sonication). Control of the 
state of dispersion of the nanoparticles, which is believed to be critical to the dielectric 
properties of the nanocomposites [5], is more difficult in such an approach, which often 
leads to agglomeration and degradation of the dielectric properties [1,5]. 

Alternative techniques can be employed in the preparation of the nanocomposites to 
improve the state of dispersion. In situ sol–gel processes can be applied to synthesize na-
noparticles directly in the polymer matrix [14]. The sol–gel method is typically used for 
the synthesis of inorganic oxides (e.g., SiO2, TiO2, Al2O3) from the hydrolysis and polycon-
densation of metal alkoxide precursors [15]. Parameters such as the pH, length of the alkyl 
chains, solvent, and chelating agents, can be used to adjust the size and morphology of 
the inorganic network formed by controlling the hydrolysis and condensation reactions. 
The use of silane coupling agents (SCA) in the sol–gel process can result in the formation 
of Class II hybrid materials, where strong chemical bonds are present between the inor-
ganic and organic components, resulting in an improved compatibility between the hy-
drophobic polymer and hydrophilic filler [16].  

Matějka et al. [17,18] prepared epoxy-SiO2 nanocomposites using both one- and two-
stage sol–gel processes resulting in branched polysiloxane clusters and aggregated clus-
ters, respectively. The use of both acid- and base-catalysis resulted in different SiO2 mor-
phologies. Nazir et al. [19] and Afzal et al. [20] adapted the former methods in a two-step 
chronological sol–gel process with acid catalysis and the incorporation of SCA. The use of 
SCA led to improved dispersion of the in situ formed SiO2. Donato et al. [21,22] prepared 
similar epoxy-SiO2 nanocomposites, but with the aid of ionic liquids instead of SCA for 
improving the dispersion further. 

Although many such variations of the sol–gel method have been used in several stud-
ies to prepare epoxy-SiO2 nanocomposites, none of them, to the best of our knowledge, 
have investigated the dielectric properties of the materials prepared in this way. Addi-
tionally, very few works have employed the use of quantitative methods for characteriz-
ing the state of dispersion, which is a useful tool for limiting subjective interpretations of 
the degree of dispersion [5]. Various statistical methods, such as the interparticle distance, 
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quadrat-based particle counting, and free-space length have been proposed, each with 
their own advantages and disadvantages [5,23].  

Therefore, the purpose of this study was to investigate if epoxy nanocomposites fab-
ricated using the in situ route presents reduced permittivity and dielectric loss, compared 
to nanocomposites fabricated using more conventional ex situ methods as reported in the 
literature. In the present work, epoxy-SiO2 nanocomposites were prepared based on a sol–
gel route described in our previous study [24], using different synthesis conditions (pH, 
SCA amount, and type). The morphology and structure of the inorganic network and the 
resulting complex permittivity of the nanocomposites were characterized. Additionally, 
the state of dispersion was quantitatively described by applying the free-space length 
method. An important aspect of the work is to increase the understanding of the structure-
property relations in these materials. This will allow one to tune the properties as re-
quired, such as decreasing the dielectric loss or real permittivity, or increasing the dielec-
tric strength for high-voltage insulation materials, by tailoring the structure via alteration 
of the synthesis conditions. 

2. Materials and Methods 
The epoxy resin was prepared using diglycidyl ether of bisphenol-A (DGEBA) as the 

epoxy monomer and poly(propylene glycol) bis(2-aminopropyl ether) as the curing agent. 
Tetraethyl orthosilicate (TEOS) was used as the precursor for the SiO2 in the sol–gel reac-
tion. 3-(aminopropyl) triethoxysilane (APTES) and 3-(glycidyloxypropyl) trimethoxy-
silane (GPTMS) were the silane coupling agents used to create the interfacial link between 
the in situ formed SiO2 nanoparticles and the epoxy chains. Ammonia solution (35%) and 
HCl (36%) was used to alter the pH of the distilled water used for the hydrolysis and 
condensation of tetraethyl orthosilicate. All chemicals had a purity of >98% and were ob-
tained from Merck Life Science AS, Oslo, Norway. 

Pure epoxy samples were prepared by mixing stoichiometric amounts of DGEBA and 
the curing agent in a PET beaker at room temperature. This was performed under vacuum 
to remove all the air bubbles present in the mixture. The resin mixture was injected into a 
stainless-steel mold (for disc-shaped samples with 1 mm thickness and 40 mm diameter) 
under vacuum. The mold was placed in a pressure chamber at 100 °C for 5 h with 10 bars 
of N2 pressurization to collapse any remaining air bubbles. Leftover resin was casted in 
Teflon cups without pressurization to prepare bulk samples (over 5 mm in thickness). 

The composites were prepared using the procedure outlined in our previous work 
[24] and is illustrated in Scheme 1. DGEBA was heated to 80 °C in a round bottom flask 
mounted with a reflux condenser. The silane coupling agent, either APTES or GPTMS, 
was mixed with the DGEBA for 1 h (at 80 °C) using a magnetic stirrer (mass ratio of 
SCA:DGEBA was equal to either 1:10 or 1:30), followed by mixing the required amount of 
TEOS for 1 h (60 °C). Distilled water was then added to initiate the TEOS hydrolysis, and 
the mixture was stirred for a further 4 h at 60 °C, then 1 h at 80 °C. Composites were 
prepared using water with pH 2, pH 7 (neutral) and pH 11. Afterwards, the reaction mix-
ture was poured into a beaker and stirred overnight (15–18 h) at 80 °C to remove alcohol 
byproducts. Finally, the curing agent was added to the mixture and the samples were 
casted using the aforementioned procedure. Table 1 shows an overview of the composi-
tions of the various samples investigated.  
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Scheme 1. An outline of the sol–gel procedure used in the in situ synthesis of SiO2 functionalized with APTES in epoxy. 

Table 1. Compositions of the epoxy-SiO2 nanocomposites prepared via the in situ sol–gel 
method 

Filler content pH SCA:DGEBA mass ratio SCA 
1–5 wt% 2 1 

1:10 
APTES 

1, 2, 3, and 5 wt% 7 
1,2 and 5 wt% 11 

5 wt% 11 1:30 
2, 3, 4, and 5 wt% 2 1:10 GPTMS 

1 Prepared previously in [24]. 

Fourier transform infrared (FTIR) spectroscopy was performed using a Bruker Vertex 
80v spectrophotometer with an attenuated total reflectance (ATR) diamond cell (Bruker 
Corporation, Billerica, Massachusetts, USA). Each sample was scanned 32 times at a reso-
lution of 1 cm-1. Small angle X-ray scattering (SAXS) measurements were performed with 
a Bruker NanoSTAR instrument with a Cu micro-source (Bruker Corporation, Billerica, 
Massachusetts, USA), operating at 50 kV and 600 μA (scattering vector (q) range of 0.009–
0.3 Å-1). The data from the SAXS was analyzed using software SasView 5.0.1 
(http://www.sasview.org), and fitted to the unified exponential/power-law model [25]. 
The Porod exponents, also known as fractal dimension (D), for each structural level in the 
model were obtained from the slopes of the linear regions after each feature. From the fits, 
the radii of gyration (Rg) for each structural level were obtained, from which the inorganic 
domain size was calculated (assuming spherical domains), using:  2 5/3 𝑅 . (1) 

The correlation length (ζ) between inorganic structures or domains was estimated 
using [26]: 𝜁  2𝜋𝑞 , (2) 

where q is the scattering vector for the peak or feature. 
Transmission electron microscopy (TEM) was performed using a JEOL JEM 2100F 

(JEOL Ltd., Tokyo, Japan), at 200 kV accelerating voltage, on 50–100 nm slices of the sam-
ples cut using an ultramicrotome. Energy-dispersive X-ray spectroscopy (EDS) was per-
formed using an Oxford X-Max 80 SDD detector (Oxford Instruments, Abingdon, UK) 
attached to the TEM instrument. Particle cluster sizes were determined visually from the 
TEM images. The quantitative analysis of the dispersion of the nanoparticles was per-
formed using MATLAB 202a (Mathworks, Portola Valley, CA, USA) and the code and 
methodology provided by Khare and Burris [23]. The TEM images were processed into 
the binary images required for the analysis using ImageJ 1.52a.  

A Netzsch DSC 214 Polyma (NETZSCH-Gerätebau GmbH, Selb, Germany) was used 
to perform differential scanning calorimetry (DSC) between 0 and 200 °C in N2 atmos-
phere (4 cycles, 10 °C/min heating and cooling rates, 40 mL/min gas flow). The glass tran-
sition temperature (Tg) was obtained from the local maxima during the increase in the 
heat capacity. 
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1H→29Si cross-polarization magic-angle spinning (CPMAS) NMR spectra were col-
lected on a Bruker Avance-III NMR spectrometer (Bruker Corporation, Billerica, MA, 
USA) at a magnetic field strength of 14.1 T (Larmor frequencies of 600.1 and 119.2 MHz 
for 1H and 29Si, respectively) using 7.0 mm zirconia rotors at a MAS rate of 5.00 kHz. Ac-
quisitions involved proton 90° excitation pulse of 4 μs and matched spin-lock fields of νH 
= 60 kHz and νC = 40 kHz. Contact time of 5 ms was used and SPINAL-64 proton decou-
pling at 60 kHz. Between 16384 and 28672 signal transients with 4 s relaxation delays were 
collected per sample. Chemical shifts were referenced with respect to neat tetrame-
thylsilane (TMS). Peak deconvolution was performed using Origin 2018b (OriginLab Cor-
poration, Northhampton, MA, USA), and the degrees of condensation for Q and T species 
were calculated from the peak areas using (3) and (4), respectively: 𝛼 ∑ , (3) 

𝛼 ∑ 𝑖𝑇3 . (4) 

Broadband dielectric spectroscopy was conducted using a Novocontrol Spectrometer 
with an Alpha Beta dielectric analyzer (Montabaur, Germany). A BDS1200 sample cell 
with 1 V/mm electric field was used to measure the samples’ dielectric response between 
10-2 and 106 Hz over 5 °C intervals from 25 to 120 °C, and 20 °C intervals from 140 to 200 
°C. 

3. Results 
3.1. Dispersion and Morphology of the In Situ Synthesized Nanoparticles 

The primary motivation for the use of the in situ approach in the synthesis of the 
nanocomposites was to ensure that the nanoparticles formed were well dispersed with 
limited agglomeration. The composites prepared with APTES as the SCA were transpar-
ent for the composites casted both with and without N2 pressurization, as shown in Figure 
1, indicating high degree of dispersion. 

 
Figure 1. Representative images of transparent epoxy-SiO2 nanocomposites (5 wt.% SiO2 with 
APTES at pH 11) after casting. (a) A 1 mm thick sample casted under N2 pressurization. (b) A thick 
sample (> 5 mm) casted without N2 pressurization. 

The scarcity of SiO2 agglomerates, defined in this work as particle clusters larger than 
100 nm, was confirmed by TEM. Figure 2 shows representative bright field TEM and high-
angle annular dark field scanning TEM (HAADF-STEM) images of the nanocomposites 
(all with 5 wt.% SiO2) prepared with APTES at pH 7 and 11, and with GPTMS at pH 2. 
The SiO2 particles form randomly dispersed clusters. For the composites prepared at pH 
11 several large agglomerates (100–150 nm) consisting of multiple smaller particles (Fig-
ure 2c) were formed, compared to composites prepared using pH 2 and 7 where fewer or 
almost no such agglomerates were present. HAADF-STEM was used to image the smaller 
clusters in the nanocomposites as it provided better contrast (Figure 2a) and was also used 
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to verify that the particle composition was SiO2 using energy-dispersive X-ray spectros-
copy (EDS, see Figure S1). The samples prepared with GPTMS, however, showed poor 
dispersion of the SiO2, forming agglomerates in the micron range as shown in Figure 2d. 

 
Figure 2. (a) Representative HAADF-STEM image of epoxy nanocomposite (5 wt.% SiO2) prepared 
using pH 7 and APTES. (b) Representative TEM image of epoxy nanocomposite (5 wt.% SiO2) pre-
pared using pH 11 and APTES. (c) A single SiO2 agglomerate consisting of smaller particles in the 
composite prepared at pH 11 (5 wt.% SiO2). (d) Epoxy nanocomposite (5 wt.% SiO2) prepared using 
GPTMS, exhibiting large SiO2 agglomerates. 

Figure 3 shows the changes in free-space length (Lf) with variations in filler content 
and pH during synthesis. The calculation of Lf from the TEM images is described in the 
supplementary material (Figures S1 and S2, and Table S1). An increase in pH (for a given 
filler and SCA content) resulted in an increase in Lf. An increase in the filler content also 
had the same effect. The cluster sizes were affected by the changes in pH and filler content 
as well. At pH 2, the clusters increased in average size with the increasing amount of SiO2. 
At pH 11, increasing amount of SiO2 led to a partly bimodal distribution of particle clus-
ters, which were smaller on average than at lower SiO2 contents, and agglomerates of 100–
150 nm, which were not as frequent or completely absent at lower SiO2 contents. A reduc-
tion in the amount of SCA, however, resulted in the most noticeable difference in the dis-
persion quality, with a doubling in the cluster sizes as well as the Lf.  
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Figure 3. Changes in the dispersion quality with variations in pH, filler content, and amount of SCA 
(shown as the ratio of APTES:DGEBA in parentheses in the legend) used in the synthesis. The (a) Lf 
and (b) average cluster sizes are shown for composites prepared with 2 and 5 wt.% SiO2 ( and  
respectively) and 1:10 of APTES:DGEBA at different pH. The  indicates the composite prepared 
at pH 11 with 1:30 APTES:DGEBA and 5 wt.% SiO2. In (b), the  indicates the average size of the 
agglomerates observed in the composite with 5 wt.% SiO2 (1:10 APTES:DGEBA, pH 11). 

The SAXS profiles of the nanocomposites prepared at pH 7 and 11 presented in Fig-
ure 4 show increased scattering from the epoxy-SiO2 nanocomposites compared to pure 
epoxy. The emergence of broad features (often referred to as Guinier knees) in the scatter-
ing profile are indicated by the arrows. These knee-like features become more prominent 
with increasing SiO2 content and appear in the q range 0.07–0.24 Å-1 and 0.01–0.03 Å-1 for 
samples with 2 and 5 wt.% SiO2 at pH 7. For the sample with 1 wt.% SiO2 at pH 7, it appears 
that only one broad feature is present between 0.024 and 0.15 Å-1. For the nanocomposites 
prepared at pH 11, those with 1 and 2 wt.% of SiO2 also show a single broad feature be-
tween 0.02 and 0.15 Å-1, and the “peak” for the feature at low q for the 5 wt.% SiO2 is below 
the measured q range (< 0.009 Å-1). The 5 wt.% SiO2 sample prepared with reduced APTES 
(1:30 of APTES:DGEBA) at pH 11 does not exhibit the second feature at higher q, and a 
more linear region of scattering is observed. In all nanocomposites, the scattering appears 
to increase further at q lower than the measured range. 
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Figure 4. SAXS profiles for pure epoxy and epoxy-SiO2 nanocomposites with APTES synthesized with (a) pH 7 and (b) pH 11. 
The sample prepared with an APTES:DGEBA ratio of 1:30 at pH 11 is also included in (b). The features in the scattering pattern 
for the nanocomposites (shown by the arrows) indicate a hierarchical structure in the SiO2. 

The presence of multiple features indicates a hierarchical structure of the SiO2, which 
is described by the unified exponential/power-law model by Beaucage [25]. The model 
describes complex morphology over wide q ranges using structural levels—a structural 
level in scattering is reflected by a knee and a linear region on a log-log plot of scattering, 
representing Guinier’s law and a structurally limited power law, respectively [27]. A fit of 
this model with two structural levels was applied to the data where two broad features 
were observed. Table 2 shows the fractal dimension (D) (measured from the slopes of the 
linear regions after each feature) and the calculated radii of gyration (Rg) and structure 
sizes (d) for the inorganic domains (obtained from the fits to the unified exponen-
tial/power-law model). The sizes of the SiO2 domains in the second structural level in-
creased with increasing SiO2 content for nanocomposites prepared at pH 7. At the primary 
level, the changes were inconsistent. A similar comparison could not be made for the sam-
ples prepared at pH 11, since no suitable fits were obtained for the nanocomposites with 
1 and 2 wt.% SiO2 at pH 11.  

Table 2. Structural parameters (radius of gyration Rg) obtained from fitting the SAXS data to the 
unified exponential/power-law model with two structural levels. The inorganic domain size d was 
calculated using Equation 4. The fractal dimension D was measured from the linear slopes of the 
plots in Figure 4. 

Sample 
Structural level D Rg (nm) d (nm) 

pH Filler Content (wt.%) 

7 

1 1 1 1.3 - - 

2 
1 1.5  3.3 ± 0.1  8.5 
2 2.2  11.6 ± 0.9  30.0  

3 
1 1.6  4.1 ± 0.4  10.6 
2 2.4  12.1 ± 1.0  31.2 

5 
1  1.9   3.3 ± 0.1  8.5 
2  3.1   13.3 ± 1.7  34.3 



Polymers 2021, 13, 1469 9 of 25 
 

 

11 

1 1 1 1.5 - - 
2 1 1 2 - - 

5 
1 1.9 3.3 ± 0.1 8.5 
2 3.3 14.7 ± 1.8 38.0 

5 1,2 
1 1.2 - - 
2 3.5 - - 

1 No suitable fit was obtained with the unified model. 2 Reduced amount of APTES 
(APTES:DGEBA = 1:30). 

The fractal dimension, which describes the power-law dependence of the scattering 
intensity [28], increased in all the samples with increasing SiO2 content at both the primary 
and secondary structural levels. At the primary level, 1 < D < 2, indicating a mass-fractal 
structure—in other words, the SiO2 clusters (8–10 nm) consist of coiled polymeric chains 
(with Si-O-Si links). At the secondary level, D > 2 for all samples, and increased with in-
creasing SiO2 content. In nanocomposites containing 5 wt.% SiO2, 3 < D < 4. This indicates 
the formation of increasingly interconnected polymer chains forming a clustered network, 
and eventually the formation of particles with a rough surface (a surface-fractal structure). 
3.2. Structure of the Inorganic Components 

FTIR and 29Si solid-state NMR provided further information on the bonds formed in 
the nanocomposites. Figure 5 shows the IR spectra of pure epoxy and the epoxy-SiO2 
nanocomposite with 5 wt.% SiO2 (pH 7), both normalized for the band at 1500 cm-1 (not 
shown in the figure). The features specific for the nanocomposite spectrum are the pres-
ence of the O-Si-O rocking band around 450 cm-1, the band at 940–970 cm-1 for the ethyl (-
C2H5) groups from unreacted precursors and coupling agents, and a broader band at 1080–
1100 cm-1 assigned to the Si-O-Si and Si-O-C stretching [29]. A more detailed description 
of the progress of the in situ sol–gel reactions and formation of the inorganic domains is 
provided in our previous work [24].  

 
Figure 5. FTIR spectra of pure epoxy and epoxy-SiO2 nanocomposite with 5 wt.% SiO2 at pH 7. The 
relevant differences in the spectra are marked. 

29Si NMR was used to ascertain the degree of condensation of the Si-O network. Fig-
ure 6 shows the NMR spectra of the nanocomposites prepared at different pH and using 
different SCAs, along with the deconvolution of the peaks. Each peak corresponds to ei-
ther a Tx or Qy signal (0 ≤ x ≤ 3 and 0 ≤ y ≤ 4), where x and y indicate the number of alkyl 
or -OH groups that have been replaced by an -O-Si bond on a central Si atom in the SCA 
or TEOS, respectively. The Q3 and Q4 signals are prominent, while the Q0, Q1, and Q2 sig-
nals are much weaker. For the APTES, the T0 peak is the most prominent, with weaker T1 
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and T3 peaks. For the nanocomposite containing GPTMS, however, the NMR spectra 
shows stronger T2 and T3 peaks and a weaker T0 peak, accompanied with the presence of 
Q1, Q3, and Q4 peaks. The degree of condensation of Q and T species, [αSi]Q and [αSi]T, were 
calculated to be 0.77 and 0.17, respectively, for nanocomposites prepared with APTES. For 
the nanocomposites prepared with GPTMS, [αSi]Q and [αSi]T were calculated to be 0.77 and 
0.59, respectively. The fractions of the structural units Qi and Ti were obtained from the 
area under the peaks. No significant differences were observed between samples prepared 
at different pH (for a given SCA). 

 
Figure 6. 29Si NMR (CP-MAS) spectra of epoxy-SiO2 nanocomposites. (a) Nanocomposites prepared 
with APTES (APTES:DGEBA = 1:10) at different pH. (b) Comparison of nanocomposites prepared 
with APTES and with GPTMS (both at pH 2). (c) Deconvolution of the peaks in the spectra for nano-
composites prepared with APTES. (d) Deconvolution of the peaks for nanocomposites prepared 
with GPTMS. 

Figure 7 displays the glass transition temperatures (Tg) for the various nanocompo-
sites compared to epoxy. In the composites prepared with APTES, the initial addition of 
SiO2 resulted in a decrease in Tg from that of pure epoxy (83 °C). In the composites pre-
pared at pH 2, Tg continues to decrease until the SiO2 content is above 2 wt.%, after which 
Tg increases again with further increases in SiO2 content. In the composites prepared at 
pH 7, the drop in Tg is much more drastic at 1 wt.% SiO2, but it again increases rapidly 
with increasing SiO2 content, and exceeds the Tg of pure epoxy. The changes in Tg for the 
composites prepared at pH 11 are comparatively less drastic, and even at 5 wt.% SiO2 the 
Tg is less than that of pure epoxy. However, the sample with 5 wt.% SiO2 prepared with 
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less APTES (APTES:DGEBA of 1:30) exhibited quite a high Tg (93 °C). The nanocomposites 
prepared with GPTMS on the other hand show the opposite behavior, and Tg is seen to 
increase steadily with SiO2 content and exhibits the highest Tg of all the composites (up to 
95 °C). 

  
Figure 7. Changes in the glass transition for the epoxy-SiO2 nanocomposites with varying filler con-
tent prepared using APTES (with APTES:DGEBA of 1:10 and 1:30) and GPTMS with different pH 
conditions, compared to that of pure epoxy (0 wt.% filler content). The error in the measurements is 
±2 °C. The data for the pH 2 APTES samples were taken from [24]. 

3.3. Complex Permittivity of the Nanocomposites 
The room temperature complex permittivities of pure epoxy and the in situ nano-

composites prepared with APTES are shown in Figure 8. The real part of the relative per-
mittivity exhibited a small increase with increasing SiO2 content for the nanocomposites 
prepared at pH 7. On the contrary, for the nanocomposites prepared at pH 11, the permit-
tivity decreased with increasing SiO2 content. Additionally, the sample with 5 wt.% SiO2 
prepared at pH 11 and with a lower amount of APTES (APTES:DGEBA = 1:30) exhibited 
the lowest real relative permittivity.  

The dielectric loss tangent (tan δ) for pure epoxy displays a peak at 1∙105–2∙105 Hz, 
which is henceforth called the β-relaxation peak. The nanocomposites exhibit small dif-
ferences in the loss tangent, with the most noticeable being the emergence of a new feature 
with a much smaller peak height, between 1 and 103 Hz (indicated by the left arrow in the 
inset in Figure 8b). Another feature is observed at frequencies above the β-relaxation peak 
(105–106 Hz), and the β-relaxation appears as a shoulder on this new relaxation, which has 
its peak beyond the measurement range. The nanocomposites show small increases in the 
dielectric loss with increasing SiO2 content for the new relaxation at 1–103 Hz. Near the β-
relaxation peak, the dielectric loss is decreased for nanocomposites at frequencies below 
105 Hz, but at higher frequencies the dielectric loss increased (due to the new relaxation 
that had emerged). An exception to this behavior was observed in nanocomposites pre-
pared at pH 11, where the dielectric loss at high frequencies decreased significantly com-
pared to pure epoxy (as indicated by the right arrow in the inset in Figure 8b), especially 
for higher SiO2 contents. The peak for tan δ is lower, but it remains a shoulder on the new 
relaxation.  
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Figure 8. The complex permittivity of pure epoxy and epoxy nanocomposites with varying amounts of SiO2 at room tempera-
ture.  indicates samples prepared with pH 7 and ◇ indicates samples prepared with pH 11 (both with 1:10 of APTES:DGEBA), 
while  indicates the sample prepared with pH 11 and 1:30 of APTES:DGEBA. (a) The real relative permittivity (ε’). (b) The 
dielectric loss tangent (tan δ). The inset in (b) shows the same data for pure epoxy and epoxy-SiO2 nanocomposite, with the 
arrows highlighting the different features in tan δ. The legend in (a) is common for both figures. 

Figure 9 displays the real relative permittivities (ε’) of pure epoxy and selected nano-
composites from 25 to 200 °C, and Figure 10 shows the corresponding imaginary permit-
tivities (ε’’) over the same temperature range. As the temperature is increased, the permit-
tivity increased and the β-relaxation around 105 Hz shifted to higher frequencies for all 
the samples. This is observed more clearly from the peak positions in the imaginary per-
mittivity. As the glass transition was approached (between 60 and 90 °C), a new relaxation 
shifted into the measurement range at low frequencies. This occurred at lower tempera-
tures for the nanocomposites (60 °C) than for the pure epoxy (80 °C). Additionally, this 
relaxation was observed at higher frequencies as the temperature increased, which is sim-
ilar to the behavior shown by the β-relaxation. Beyond Tg, the permittivity increased ex-
ponentially at low frequencies to very high values. For the nanocomposites, this develop-
ment is more severe than for the pure epoxy, starting at lower temperatures and reaching 
higher values (above 103). At low frequencies and high temperatures, ε’’ becomes linear 
with a slope between -0.9 and -1. This linear region extends to higher frequencies as the 
temperature is increased further. Above 140 °C the slope of ε’ was approximately -1.  
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Figure 9. The real relative permittivities (ε’) for (a,b) pure epoxy, and epoxy nanocomposites prepared with 5 wt.% SiO2 at (c,d) 
pH 7, and (e,f) pH 11. The plots on the left (a,c,e) show the permittivities below 80 °C, while the plots on the right (b,d,f) show 
the permittivities above 80 °C. 
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Figure 10. The imaginary permittivities (ε’’) for (a,b) pure epoxy, and epoxy nanocomposites prepared with 5 wt.% SiO2 at (c,d) 
pH 7, and (e,f) pH 11. The plots on the left (a,c,e) show the permittivities below 80 °C, while the plots on the right (b,d,f) show 
the permittivities above 80 °C. 
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4. Discussion 
4.1. The Effect of the SCA on the State of Dispersion 

The reaction mechanisms for the formation of SiO2 are different when APTES or 
GPTMS is used as the SCA. This can be attributed to the structures of the SCAs and how 
they interact with the DGEBA, as shown schematically in Figure 11. APTES contains a -
NH2 group, which is capable of bonding directly with DGEBA and forming cross-links 
[24]. GPTMS on the other hand contains epoxide groups, and, therefore, cannot bond with 
DGEBA directly. The connections to the epoxy chains are formed after the addition of the 
curing agent, which also contains -NH2 groups that form the cross-links between DGEBA 
as well as between DGEPA and GPTMS. Therefore, in the synthesis procedure followed 
in this work, APTES can immediately link with the DGEBA monomers when it is initially 
mixed, attaching to the ends of various DGEBA chains and forming multiple sites for the 
SiO2 to anchor to. GPTMS is unable to do this, as the curing agent is not added until the 
final stage of the synthesis.  

The T0 signal from the NMR spectra (Figure 6) is observed at a chemical shift of -45 
instead of the expected -40 to -43 [30,31]. Hoebbel et al. [30] reported that the T0 chemical 
shift becomes larger (more negative) with fewer -OH and more -OC2H5 groups attached 
to the Si in the SCA, thus indicating that some of the APTES is not completely hydrolyzed. 
This is also verified by the presence of Si-O-C2H5 groups as shown in the FTIR spectrum 
(Figure 5). It is, therefore, likely that APTES shows less self-condensation due to the an-
choring to the DGEBA first. Piscitelli et al. [31,32] reported fully condensed GPTMS and 
SiO2 (from TEOS) when prepared using a similar aqueous sol–gel method at pH 6 and the 
use of a condensation catalyst (dibutyltindilaurate). The use of such a condensation cata-
lyst may help in ensuring that all the SiO2 formed is connected to the APTES as it will be 
fully condensed, but also increases the chance of self-condensation of APTES. From the 
TEM images (Figure 2), it is seen that in all the samples prepared with APTES the SiO2 is 
randomly distributed in well-dispersed nanoparticle clusters, with only some agglomer-
ation at pH 11. A reduction in the amount of APTES by a third affects the dispersion qual-
ity noticeably, resulting in doubling the average cluster size and free-space length (Lf) 
(Figure 3). Figure 12 shows the differences in the state of dispersion when the mass ratio 
of APTES:DGEBA is changed (from 1:10 to 1:30). More discrete particle clusters with a 
larger average distance between the clusters (larger Lf of approximately 205 nm) form 
with a reduced amount of APTES. With fewer APTES molecules and fewer binding spots 
to the DGEBA chains, the SiO2 subsequently forms structures that are larger, but fewer in 
number (in contrast to the multitude of smaller structures) and spread much further apart. 

With GPTMS, however, the SCA self-condensates alongside TEOS, as observed from 
the higher degree of condensation [αSi]T for the T species in GPTMS (Figure 6b). Due to 
this and the inability of GPTMS to anchor to the DGEBA chains without the curing agent, 
the samples prepared with GPTMS form large agglomerates of SiO2 over 1 μm (Figure 2d). 
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Figure 11. Schematic showing the structure of the two SCAs used and how they form a chemical link between the inorganic 
and organic components in the nanocomposites. 

 
Figure 12. Comparison of the state of dispersion and morphology between SiO2 prepared at pH 11 with an APTES:DGEBA 
ratio of (a) 1:10 and (b) 1:30, both at filler load of 5 wt.%. The red and yellow boxes visualize the size of the free-space 
lengths (Lf) in each composition (~ 105 and 205 nm, respectively). 

Pre-synthesized SiO2 nanoparticles, typically spherical or with a defined particle 
shape, have been found to be difficult to disperse in epoxy in traditional ex situ methods 
of preparation [1]. The in situ approach used in this work can consistently prepare nano-
composites with a homogeneous dispersion of the SiO2 formed when APTES is used as 
the coupling agent, and the dispersion can be controlled by the synthesis parameters, as 
seen from the consistent changes in Lf with pH, filler content, and amount of APTES. 
However, unlike the pre-synthesized nanoparticles, the structures formed by SiO2 in this 
in situ sol–gel route show greater variance, with the formation of an inorganic network 
instead of discretely shaped particles.  

4.2. The Structure of the In Situ Synthesized SiO2 
The morphology and organization of the SiO2 structures formed in the epoxy is quite 

different from when ex situ nanocomposites are prepared. From the SAXS measurements 
(Figure 4) it is seen that at higher SiO2 contents, the SiO2 domains have formed two struc-
tural levels in a hierarchical organization: the first level consisting of clusters consisting of 
polymeric chains of Si-O-Si links, formed from the hydrolysis of TEOS, exhibiting a mass-
fractal structure; the second structural level consists of larger, networked clusters consist-
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ing of several of these mass-fractal chains. The exact correlation lengths between the clus-
ters could not be determined as the “peaks” of these features are difficult to identify, but 
they were estimated to be approximately 4.2–6.3 nm and 25–42 nm for the primary and 
secondary structural levels (or inorganic domains), respectively. For samples exhibiting 
just a single broad feature, the correlation length was estimated to be in the range 9–15 
nm. For samples with 5 wt.% SiO2 prepared at pH 11, the peak for the secondary structural 
level was not resolved within the resolution limits (as seen from the scattering profile at 
low q), so the correlation length between the inorganic domains must be larger than 70 
nm. The calculated correlation lengths of 25–42 nm are much smaller than the calculated 
free-space lengths (Lf) (53–120 nm, as seen in Table S1). The discrepancy highlights one of 
the limitations of using quantitative methods in characterizing the dispersion quality from 
two-dimensional images. However, such techniques are still useful for highlighting trends 
in the state of dispersion, and to independently corroborate the results from other meas-
urements. In this case, from the calculated values of both the correlation lengths from 
SAXS and the free-space lengths from TEM images, the same effect is observed with in-
creasing SiO2 content: an increase in the distance between the larger SiO2 domains (sec-
ondary structures), as well as a small increase in the sizes of the domains. It should also 
be noted that the scattering appears to be increasing at even lower q than measured. This 
suggests that there might be an additional structural level. From the TEM images in Fig-
ures 2 and 12, it can be assumed that the additional structural level may be an arrangement 
of the secondary particle clusters to form more mass-fractal structures (spanning above 
50–100 nm), or in some cases larger (>200 nm) agglomerates. Additionally, reducing the 
amount of APTES is also seen to alter the scattering profile (Figure 4b) where the knee-
like feature at higher q is replaced by a more linear region with a Porod slope of -1.2. The 
slope of the linear region at q < 0.04 Å-1 is 3.5. The absence of an obvious knee-shaped 
feature at q > 0.05 Å-1 may be indicative of a lack of hierarchical organization, and instead 
the presence of both mass-fractal and surface-fractal structures in the same size region 
(resulting in an overlap in the scattering profile).  

The changes in the SiO2 structure with the filler content indicate a possible evolution 
in the growth mechanism. From the NMR spectra (Figure 6), there are very few Q0 groups 
observed in the nanocomposites, meaning that there are few unreacted TEOS monomers. 
This indicates that the primary growth mechanism in the initial stages is cluster-cluster, 
with a strong hydrolysis and slow condensation with limited monomers [15]. This mech-
anism results in the more open mass-fractal structures observed for low SiO2 contents. 
This is also observed from the SAXS analysis, with D < 3 for both the primary and second-
ary structural levels (Table 2). As the SiO2 content is increased, a larger amount of TEOS 
is required (meaning a larger number of monomers) and after the initial cluster-cluster 
reactions, a monomer-cluster mechanism steadily takes over the growth process, causing 
the SiO2 structures to become more closed and compact with more surface fractals (3 < D 
< 4) [15]. The increase in D for both the primary and secondary structural levels in the 
inorganic domains represents an increase in the compactness and cross-linking of the 
structures formed. Figure 13 illustrates the change in structure of the SiO2 from mass-frac-
tal to surface-fractal with increasing fractal dimension. The growth mechanism is, of 
course, also affected by the pH of the system—classically, a lower pH would increase the 
rate of hydrolysis in a silica sol–gel reaction, while a higher pH would increase the rate of 
condensation [15]. However, this effect is less evident in the present samples as the [αSi]Q 
does not change significantly with pH (as seen in Figure 6a). The effect of the pH is more 
prominent when looking closer at the dispersion quality—the faster condensation at 
higher pH leads to more compact clusters that are spaced further apart and have a higher 
fractal dimension, along with more agglomerates, resulting in a larger Lf (Figure 3). Mean-
while, the faster hydrolysis at lower pH results in fewer agglomerates, and the primary 
clusters are more open and spaced closer to one another, leading to a smaller Lf and a 
lower fractal dimension. 
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Silica derived from alkoxides via a sol–gel process is known for generally possessing 
less dense non-colloidal particles with fractal arrangements [15]. Several studies have 
demonstrated fractal structures for SiO2. Lysenkov et al. [33] performed a similar analysis 
of their corresponding SAXS measurements of in situ prepared SiO2 in epoxy using the 
exponential model. In their work, however, the clusters and agglomerates formed at 
higher SiO2 contents were much larger, and displayed varying hierarchies (e.g., mass to 
surface to mass fractals, or mass to mass to surface fractals), while in the present work 
only the evolution from a mass-fractal to a surface-fractal structure is observed with in-
creasing SiO2 content. These differences in the morphology might be attributed to the lack 
of any SCA or other surface modifiers in Lysenkov’s study, as well as differences in the 
synthesis procedure. Ponyrko et al. [34] showed changes in the scattering profile depend-
ing on whether an aqueous or nonaqueous sol–gel method was employed, resulting either 
in compact aggregates of SiO2 or more open and branched aggregates, respectively. Per-
chacz et al. [35] similarly reported the formation of either mass-fractal or surface-fractal 
SiO2 in epoxy depending on the type of catalyst used (amine or tin-based, respectively) 
during the in situ synthesis, although a hierarchical structure was not evident from the 
flatter features in the corresponding SAXS profiles shown in their work. 

 
Figure 13. Illustration of the evolution of the SiO2 structures forming in situ with increasing pH and SiO2 content, from poly-
meric mass-fractal chains of Si-O-Si links to interconnected networks and rough particles with surface-fractal clusters. The re-
sulting changes in the mobility of the chains and the freedom of the dipoles (-OH groups from hydrolysis of TEOS) to move 
and reorient in an electric field are shown as well. 
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4.3. The Effect of the SiO2 on the Complex Permittivity at Room Temperature 
The presence of SiO2 is observed to affect the complex permittivity of epoxy differ-

ently depending on the synthesis conditions. One common feature present in all the nano-
composites is the emergence of a new dielectric relaxation that is associated with the SiO2 
(between 100 Hz and 103 Hz) as it is missing in pure epoxy (Figure 8b inset). This relaxation 
occurs at a lower frequency than the eminent β-relaxation, which is associated with the 
dipoles on the O-H groups in the epoxy chains (or possibly from any unreacted amine 
groups in the curing agent) [36,37]. The dipoles associated with this new relaxation are 
therefore ‘stiffer’ than the β-relaxation and are suspected to be related to interfacial polar-
ization effects at the surfaces of the nanoparticle clusters that are formed. An additional 
effect is the change in the β-relaxation. In pure epoxy the tan δ peak for the β-relaxation 
(around 105 Hz) is asymmetrical, which indicates that there is a distribution in the relaxa-
tion times of the O-H dipoles, which is not unexpected due to the varying lengths and 
conformations of the cross-linked DGEBA chains. For the nanocomposites, the β-relaxa-
tion is altered—it appears as a shoulder (around 105 Hz) on another relaxation with a 
higher tan δ peak at a higher frequency (beyond the measured range). This can indicate 
one of two possibilities—either the inclusion of the nanoparticles has introduced a new 
relaxation occurring in the same region as the β-relaxation, or it has shifted a pre-existing 
relaxation to a lower frequency region which now overlaps with the β-relaxation. The lat-
ter is less likely given that the only other relaxations that have been reported for epoxy at 
higher frequencies are associated with localized intramolecular motions involving the 
epoxide groups [38], of which there should be very few (if not none) upon complete cur-
ing. The other alternative, a new relaxation, could be related to the amine groups of any 
unreacted APTES, or the N-H dipoles in the cross-links formed with APTES (in addition 
to those in the cross-linked formed with the curing agent, which contribute already to the 
existing β-relaxation). Additionally, for the samples prepared at pH 11, the strength of the 
β-relaxation is diminished, as seen from the lower dielectric loss at high frequency. This 
would indicate that the more compact, networked SiO2 clusters formed at higher pH can 
restrict the mobility of the epoxy chains or the O-H dipoles more strongly than mass-frac-
tal SiO2 chains. 

Apart from the changes observed in the tan δ that are related to the relaxations, the 
real relative permittivity (ε’) at room temperature shows small changes with the SiO2 con-
tent and the pH used during synthesis. It is interesting to note that all the nanocomposites 
prepared at pH 11 show a small decrease in ε’, while those prepared at pH 7 show a small 
increase, compared to pure epoxy. This is likely related to the differences in structure and 
morphology in the SiO2 domains that were discussed earlier—Figure 13 shows also the 
subsequent effects on the dipoles present in SiO2 with the evolving structure. The presence 
of mass-fractal-like polymeric chains of SiO2 with a plasticizing effect on the epoxy has 
been reported previously [24,32], and may explain the increase in ε’ as well—the dipoles 
in these loose chains (such as O-H groups from hydrolyzed TEOS or surface hydroxyls in 
SiO2) can more easily and freely reorient themselves with the electric field. However, with 
more condensed, compact SiO2 structures, the dipoles are unable to keep up with the elec-
tric field as they are more restricted in such clusters—further, the rigidity of these clusters 
may also impede the motion of the O-H dipoles on the epoxy chains instead, thereby de-
creasing ε’ and decreasing the strength of the β-relaxation (tan δ above 103 Hz). However, 
due to the new relaxation introduced by the SiO2, the dielectric losses are higher than that 
of pure epoxy between 1 and 100 Hz. Interestingly, the lowest real permittivity and die-
lectric loss was observed in the sample with less APTES at pH 11, which had the largest 
free-space length between the SiO2 clusters as well as larger cluster sizes and a different 
structural organization to the other nanocomposites. The restrictive effect of the SiO2 do-
mains in this nanocomposite on the mobility of the epoxy chains is also reflected in the 
increase in Tg (Figure 7), compared to other nanocomposites prepared with APTES. 
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4.4. The High Temperature Complex Permittivity 
At higher temperatures more pronounced differences are observed between the dif-

ferent compositions. A common change for all the samples is the shift of the relaxations 
to higher frequencies with higher temperatures. This is due to the increased mobility of 
epoxy chains as the glass transition is approached, and movements along the chains are 
no longer restricted—the O-H dipoles can then keep up with the faster switching of the 
electrical field at higher frequencies. Although not visible in the range of frequencies 
measured, it is suspected that above the glass transition the β-relaxation will be entirely 
absent and the movement of the molecular segments will be the primary dielectric relax-
ation. This phenomenon is known as the α-relaxation, which is observed above 80 °C in 
pure epoxy at lower frequencies. With increasing temperatures, the α-relaxation is simi-
larly shifted to subsequently higher frequencies as the molecular segments will find it 
easier to orient themselves with the electrical field.  

The rapid increase in real permittivity at temperatures beyond the glass transition 
region is accompanied by a similar increase in the imaginary permittivity (Figure 10). The 
slope of -0.9 to -1 for ε’’ indicates that the increase in ε’’ can be due to charge transport 
[39]. However, this is unlike DC conductivity (involving free-charge carriers moving con-
tinuously through the material) where ε’ would show no frequency dependence, and does 
not lead to charge storage [40]. The simultaneous increase in ε’ and ε’’ is instead reminis-
cent of the low-frequency dispersion (LFD) effect, where a strong increase in the suscep-
tibility χ’ (and therefore the permittivity ε’) at low frequencies implies a finite and reversi-
ble storage of charge at interfaces [41]. The LFD effect occurs in carrier dominated systems 
and may appear similar to DC conduction—therefore it is sometimes referred to as quasi-
DC (QDC) [42]. The origin of the LFD in this case is possibly due to an electrode polariza-
tion (EP) effect caused by ion blockage at the electrode-sample interface. The ions respon-
sible for this are the residual Na+ and Cl− ions from the synthesis of DGEBA, which accu-
mulate at the electrodes at high temperatures [39]—this is enabled by the increased ion 
mobility once the epoxy becomes rubbery above the glass transition.  

One problem that arises with this electrode polarization is that it is difficult to isolate 
the α-relaxation from the real and imaginary permittivities, especially since the corre-
sponding peak in the imaginary permittivity is often obscured by the increase in ε’’ at low 
frequencies. This necessitates the use of the complex moduli instead of the permittivity, 
as the relaxations move to a higher frequency in the modulus spectra compared to the 
permittivity spectra [43], and so are less obscured by the electrode polarization (which 
also manifests as peaks in the imaginary moduli, M’’ instead of an increase in ε’’). Figure 
14 shows the evolution of the α-relaxation in in M’’ for pure epoxy and different nano-
composites (5 wt.% SiO2 prepared at pH 7 and 11). The α- and β-relaxations show the 
same trend observed in the permittivity, with shifts to higher frequencies at higher tem-
peratures, and the α-relaxation appearing at lower temperatures in the nanocomposites. 
This is consistent with the changes in the glass transition behavior observed in nanocom-
posites prepared with APTES (Figure 7), which is also attributed to the increased mobility 
of the polymeric mass-fractal structures of SiO2, especially at low SiO2 content [24]. 

The electrode polarization (EP), and the corresponding increases in ε’ and ε’’, is more 
significant in the nanocomposites than in pure epoxy. The peak for EP in M’’ in the nano-
composites is shifted to higher frequencies at the same temperature than the correspond-
ing peak in pure epoxy—in other words, the EP appears at much lower T in the nanocom-
posites than in the pure epoxy. Additionally, the increase in ε’’ is between one and two 
orders of magnitude larger in the nanocomposites than the pure epoxy for a given tem-
perature. This is most likely due to an increased number of charge carriers, such as ions, 
from the precursors used for the in situ synthesis of the nanoparticles. Yang et al. [44] have 
demonstrated similar behavior in ε’’ at temperatures above 100 °C when pre-synthesized 
SiO2 (modified with APTES and hyperbranched polyesters) was used in the nanocompo-
sites. However, in that work, at lower temperatures the SiO2 was observed to inhibit the 
EP/LFD effect instead. Yeung and Vaughan [13] also reported increasing values for ε’ and 
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ε’’ above the glass transition for epoxy nanocomposites with pre-synthesized SiO2 func-
tionalized with GPTMS, although in their work the nanocomposites exhibited a more 
prominent EP/LFD effect. They attributed this partly to adsorbed water molecules at the 
interface between the epoxy and the SiO2, and the effect was seen to diminish with in-
creasing amount of GPTMS used for the surface modification. However, in this work the 
opposite effect is observed. Figure 15 shows that the EP/LFD effect is less prominent in 
nanocomposites prepared with less APTES (APTES:DGEBA ratio of 1:30 instead of 1:10) 
at all temperatures, with lower values in both ε’ and ε’’ at 10-2 Hz. This implies that the 
EP/LFD effect is not caused by adsorbed water on the surfaces in this case (as suggested 
by Yeung and Vaughan), as the presence of fewer APTES molecules would mean more 
available sites for water to attach at the interfaces—this should amplify the increase in 
permittivity at high temperatures. Since the opposite is observed with a reduction in the 
amount of APTES, the corresponding decrease in the high temperature complex permit-
tivity must instead be related to the changes in the structure and dispersion of the SiO2 
domains. It is possible that the increased interconnectivity of the SiO2 clusters (for 
APTES:DGEBA of 1:10) facilitates charge transfer in the epoxy, resulting in the enhanced 
EP; whereas when the APTES is reduced, the increased distances between the clusters and 
the more limited connectivity of the network means that the charge transfer is less ampli-
fied, thereby limiting the increase in EP. 

 
Figure 14. Imaginary moduli of (a) Pure epoxy, and nanocomposites with 5 wt.% SiO2 prepared at (b) pH 7 and (c) pH 11, 
from 25–100 °C, showing the α and β relaxations as well as the electrode polarization (EP) effect. 
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Figure 15. Comparison of the complex permittivities of epoxy-SiO2 nanocomposite (5 
wt.%, pH 11) with APTES:DGEBA mass ratios of (a,b) 1:10 and (c,d) 1:30. (a) and (c) dis-
play the real relative permittivities, while (b) and (d) and display the imaginary permit-
tivities.  

From the TEM and SAXS measurements, it is known that the structure, morphology, 
and dispersion of the SiO2 in the nanocomposites change most significantly when the 
amount or type of SCA is altered, and this is also reflected in the dielectric properties. The 
state of dispersion of nanoparticle fillers has been highlighted as a key factor in the die-
lectric properties of nanocomposites [5], and agglomeration is observed to generally lead 
to increased permittivity and dielectric losses. The results in this work highlight the im-
portance of the structure and morphology of the inorganic filler, in addition to the quality 
of dispersion, to the final properties of the material. In addition, the use of the in situ route 
may introduce unwanted ions from the reactants that contribute to the EP/LFD, which 
may be detrimental to the performance of the materials at higher temperatures.  

5. Conclusions 
The use of the sol–gel method to prepare surface-functionalized SiO2 in epoxy is a 

promising alternate route in the preparation of nanocomposites with well-dispersed na-
noparticles. The selection of the amount and type of coupling agent is critical, as seen by 
the differences in the state of dispersion between nanocomposites prepared with APTES 
and GPTMS, and with different amounts of APTES. The results from the dielectric spec-
troscopy indicate that the structure and morphology of the inorganic components of the 
hybrid material are quite important: the formation of polymeric structures with mass-
fractal features (from faster hydrolysis at lower pH) are more likely to contribute to the 
mobility of the polymer chains, thereby increasing the permittivity. The formation of more 
compact, cross-linked SiO2 domains with surface-fractal features (from faster condensa-
tion at higher pH), which more closely resembles particles with a defined shape, are more 
likely to inhibit the motions of the polymer chains instead, thereby reducing the permit-
tivity. Therefore, the nanocomposites prepared at pH 11 with an APTES:DGEBA mass 
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ratio of 1:30 exhibited the most significant reduction in the real relative permittivity (by 
5% at room temperature) and in the dielectric loss tangent above 103 Hz, compared to pure 
epoxy, which is a promising development for the use of these nanocomposites as high-
voltage insulation. The next step towards such application would naturally be to investi-
gate how the use of an in situ synthesis procedure that results in an improved dispersion 
of the nanoparticles, will affect the dielectric breakdown properties of the nanocompo-
sites, in particular the inception and growth of electrical trees (pre-breakdown mecha-
nism). 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: 
Simultaneously acquired HAADF-STEM image and EDS maps of the nanocomposites, 
showing (a) the STEM image of the area mapped, and elemental maps for (b) silicon and 
(c) oxygen, Figure S2: (a) Procedure for processing of images for quantitative analysis and 
determination of the mean free-space length (Lf). (b) Histograms produced from the com-
putation of Lf, showing the occurrences of a specific number of particle pixels found in 
each randomly placed box. The first histogram on the left was produced for the value of 
Lf computed automatically, while the middle and last histograms were produced from 
manually setting an undersized and oversized Lf, respectively, Table S1: Values of Lf com-
puted from the TEM images for the different epoxy-SiO2 nanocomposite samples, as well 
as the mean Lf values calculated from the computed values. The computation was run 
thrice for each image using 10 000 random boxes for each iteration of Lf. 
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B Additional experimental details and
results

B.1 Overview of synthesis parameters
Table B.1 shows the amounts of the different reagents (precursors, coupling
agents, water) used in the synthesis of the various nanocomposites using the in
situ procedures outlined above. All of the volumes were based on the use of 30
g of DGEBA and the required 10.13 g of POPDA, with molar ratios of 2:1 for
H2O:TEOS and H2O:TIP, and 1.5:1 for H2O:SCA and H2O:AIP.

Table B.1. Synthesis parameters for all the in situ prepared nanocomposites in this work

Filler Alkoxide Filler Precursor SCA SCA Water pH
content amount amount amount
[wt%] [mL] [mL] [mL]

1 1.62 0.63
2 3.28 0.89
3 4.96 APTES 3.17 1.17 2, 7, 11
4 6.69 1.44
5 8.45 1.73

SiO2 TEOS 5 8.06 APTES 1.06 1.42 7, 11
1 1.62 0.6
2 3.06 0.87
3 4.63 GPTMS 2.8 1.14 2
4 6.24 1.42
5 7.88 1.70
1 1.54 0.31

TiO2 TIP 3 4.71 APTES 1.06 0.69 7
5 8.01 2.18
1 0.8 0.23

Al2O3 AIP 3 2.46 APTES 1.06 0.46 7
5 4.19 0.69
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B.2 Calculation of L 5
Table B.2 shows the values of L 5 computed from different TEM images of the
epoxy-SiO2 nanocomposites, including the mean values of L 5 which were used
in Figure 4.3.

Table B.2. Overview of calculated values of L 5 for epoxy-SiO2 nanocomposites
prepared with APTES under different pH conditions and APTES:DGEBA mass
ratios. L 5 was computed three times for each image.

pH APTES:DGEBA Filler Image L 5 Mean L 5
mass ratio content [wt%] No. [nm] [nm]

2 1:10
2 1 53, 53, 53 572 59, 60, 63

5 1 79, 81, 83 722 61, 62, 65

7

1:10 5
1 76, 79, 79

862 84, 89, 91
3 91, 92, 93

1:30 5
1 118, 118, 119

1562 191, 192, 193
3 157, 158, 157

11
1:10

2
1 63, 63, 66 652 64, 66, 67

5

1 106, 106, 109

1052 118, 119, 125
3 103, 106, 107
4 86, 88, 89

1:30 5 1 199, 199, 200 2052 206, 212, 216

290



B.3 EDS maps of the nanocomposites

B.3 EDS maps of the nanocomposites
Compositional maps obtained from energy-dispersive X-ray spectroscopy (EDS)
to verify that the structures observed in the TEM were the expected inorganic
oxides. Representative elemental maps for the SiO2, Al2O3, and TiO2 are shown
in Figure B.1.

500 nm 500 nm 500 nm

(a) (b) (c)Image Si Map O Map

50 nm 50 nm 50 nm

(d) (e) (f)Image Al Map O Map

100 nm

(g) (h) (i)

50 nm 50 nm

Image Ti Map O Map

Figure B.1. Selected EDS maps of nanocomposites, alongside the STEM images of the
regions that were mapped, for: (a-c) epoxy-SiO2 nanocomposite prepared at pH 7 with
an APTES:DGEBA mass ratio of 1:10, 5 wt% SiO2; (d-f) epoxy-Al2O3 nanocomposite
prepared with an APTES:DGEBA mass ratio of 1:30, 4 wt% Al2O3; (g-i) epoxy-TiO2
nanocomposite prepared with an APTES:DGEBA mass ratio of 1:30, 5 wt% TiO2. The
region in the red square in (g) is shown in (h) and (i).

The maps of the inorganic components (Si, Al, and Ti) overlapped consistently
with the suspected particles or clusters. The maps for O showed that oxygen
was more ubiquitous, which is expected due to its presence in both the DGEBA
and POPDA molecules. Some Si was observed when mapping the epoxy-TiO2
and epoxy-Al2O3 nanocomposites, due to the inclusion of APTES.
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B.4 Permittivity of epoxy-SiO2 nanocompositesprepared
at pH 2

Figure B.2 shows the complex permittivity behaviour of the preliminary epoxy-
SiO2 nanocomposites prepared at pH2withoutN2 pressurizationduring curing,
and with an APTES:DGEBA mass ratio of 1:10. The values of &′A and tan � were
averaged over 3-5 samples. No trends in the permittivity with the SiO2 filler
content are evident. The nanocomposites with 1 and 3 wt% SiO2 exhibited a
slight decrease in the permittivity at certain frequencies, whereas those with 2,
4 or 5 wt% exhibited increases instead. The tan � curves are also significantly
noisier, but in general the nanocomposites exhibited a higher dielectric loss than
pure epoxy between 1 and 104 Hz.
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Figure B.2. The (a) real relative permittivities and (b) dielectric loss tangents of pure
epoxy and epoxy-SiO2 nanocomposites prepared under conditions of pH 2 and with a
APTES:DGEBA mass ratio of 1:10.

B.5 Optical images of electrical trees
The optical images of the electrical trees included in this thesis were modified
with additional lines to show the tree channels more clearly. The unmodified
images are included in this section for comparison.
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B.5 Optical images of electrical trees
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Figure B.3. Images of trees shown in Figure 4.24 with no lines drawn.
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Figure B.4. Images of trees shown in Figure 4.25 with no lines drawn.
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Figure B.5. Images of trees shown in Figure 4.26 with no lines drawn.
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Figure B.6. Images of trees shown in Figure 4.27 with no lines drawn.
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B.5 Optical images of electrical trees
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Figure B.7. Images of trees shown in Figure 5.12 with no lines drawn.
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Figure B.8. Images of trees shown in Figure 5.24 with no lines drawn.
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B.6 FTIR spectra of reactants

B.6 FTIR spectra of reactants
Figure B.10 shows the FTIR spectra of DGEBA and POPDA. Figure B.11 shows
the FTIR spectra for the silanes used in the in situ syntheses of epoxy-SiO2
nanocomposites, TEOS and APTES. Figure B.12 shows the FTIR spectrum for
the TIP mixed in anhydrous 2-propanol, which was used in the synthesis of
epoxy-TiO2 nanocomposites. These spectra were used for identification of the
bands observed in Figures 4.5 and 5.4.
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Figure B.10. FTIR spectra of (a) DGEBA (not cured), and (b) POPDA.
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Chapter B Additional experimental details and results
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Figure B.11. FTIR spectra of (a) TEOS and (b) APTES.
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B.6 FTIR spectra of reactants
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