
UNIVERSITY OF SOUTHAMPTON

FACULTY OF PHYSICAL AND APPLIED SCIENCES

Electronics and Computer Science

Dielectric Properties of Modified Epoxy Resin Systems: A Novel
Approach for Developing Materials for New Generation Technologies

by

Istebreq Saeedi

Thesis for the degree of Doctor of Philosophy

February 2020





ABSTRACT
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Electronics and Computer Science

Doctor of Philosophy

by Istebreq Saeedi

Epoxy resins are thermosetting polymers that features attractive electrical, thermal and
mechanical properties, which made them widely used as a primary insulating material
in many electrical applications. Over the past decade, the increase in the energy de-
mands led to increase in the size and change in the operation conditions of the electrical
equipments, where their insulating materials are expected to withstand the continuous
shift in the operation conditions. Consequently, polymer nanocomposite materials were
introduced as a potential solution for producing high-performance insulators, and tailor
the properties that e�ect field distribution in epoxy based materials. Later on, it was
reported that some of the fillers are suggested to cause deterred properties, for example,
some nano-fillers were di�cult to disperse in the host material, which limited the advan-
tages of these nanocomposites. An alternative and/or complementary approach is to use
liquid functional network modifiers FNM. These FNM contains epoxide groups within
their chemical structure which allows the FNM to contribute to the curing process, thus,
the FNM modifier become incorporated in the cured network structure of the modified
systems and influence the final properties of the system.

This research was set out to provide insights into the e�ect of functional network mod-
ifiers on the properties of epoxy resin systems with the hope of engineering novel epoxy
based insulating material for the future. While using liquid functional network modi-
fiers FNM approach has previously been used as a means for altering the mechanical
properties of epoxy resins. This research investigated this approach in depth, and also
the first study that explores this approach as means of integrating di�erent functional
groups into a thermosetting polymers, in order to e�ectively customise its properties.

The research started by providing a background for epoxy curing mechanisms and the
method used for modifying the properties of epoxy resin systems reported in the liter-
ature. In addition to review of studies investigated the concept of voltage stabilisers
that is based on which an explanation or interpretation was provided for the body of
knowledge about FNM behaviour.

Prior to investigating the e�ect of any FNM on the properties of the modified systems,
the e�ect of the of the FNM on the stoichiometric ratio of epoxy resins was established
by running a series of experiments (FTIR, DSC, dielectric properties and AC breakdown
strength of the modified systems). These experiments were carried out on a simple amine
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cured epoxy resin system by using compensated and uncompensated systems. In the
compensated systems, the FNM was added by precisely calculating the number of the
epoxide groups being supplied by the FNM, where the equivalent number of epoxide
groups provided by the resin are removed, ensuring the same number of epoxide groups
present in the system after the addition of the FNM. While, in the uncompensated
systems the FNM was added without changing the stoichiometry of the system. By
comparing the variation in the properties of the compensated and uncompensated sys-
tems, it was concluded that the stoichiometric ratio of the FNM plays a vital role in
determining the properties of the final material. In addition, the e�ect of the FNM on
the Tg, dielectric spectroscopy and the breakdown strength is found to be attributed to
several factors. In these experiments, the most dominant factor was the structure of the
functional groups of the FNM.

By investigating the e�ect of the chemical structure of the FNM on the FTIR, DSC, di-
electric properties, AC breakdown strength and DC conductivity of epoxy resin systems
modified by the inclusion of varied concentrations of di�erent FNM modifiers, it was
found that the properties of the modified systems are influenced by both the chemical
structure of the functional groups and the concentration of the FNM in the system. For
example, the use of liquid epoxy resin and low concentration FNM (4%) suggested to
produce FNM modified epoxy resins with improved properties compared to that of the
neat epoxy, which is suggested to o�er a new means of engineering novel materials to
meet current and future needs in an adaptable way.

This research also investigated the e�ect of the curing mechanisms on the behaviour of
the modified systems. It was found that the presence of the functional network modifier
influenced the chemical, thermal and electrical properties of the amine and anhydride
cured systems. This was followed by a a detailed analysis study of the molecular origin
and the activation energy of each relaxation process. This analysis was needed because
of the lack detailed analysis of the dielectric behaviour of anhydride cured resins in
literature. Also, the presence of the FNM made prediction of the behaviour more chal-
lenging. The study analysed the temperature dependent dielectric properties along with
Havriliak-Negami deconvoluted peaks, as well as the Arrhenius plots and the associated
activation energies of the di�erent molecular relaxations. It was concluded that the
type of the functional group of the FNM plays a vital role in determining the network
topology and the dielectric molecular dynamics of the final material.

The work reported in this research proves that functional network modifiers constitute
a complementary and alternative approach for nanotechnology for designing materials
with controlled dielectric properties. The systems researched, combined with the applied
research method and the described experimental setup provides a complete guide for
future studies to replicate the results and experiment with di�erent FNM combinations.
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Chapter 1

Introduction

The availability of polymeric insulating materials for electrical industry become increas-
ingly apparent during and after the second World War. Perhaps the first commercial
introduction for epoxy resins was as a material used for cast insulation for transformers
by Pierre Castan in Switzerland in early 1940s [2], this was followed by another com-
mercial product by S.O Greenlee in the United States in late 1940s [3]. Later on, the
technology of resins grew steadily and spread world wide until, it become well estab-
lished. Epoxy resins used in contemporary technologies are produced with a wide range
of thermal, electrical and mechanical properties. The essential parts of the resin are liq-
uid at the processing temperature, therefore a number of manufacturing processes can
be utilised to produce the solid final product. These manufacturing processes include
dipping, casting (pouring the resin and hardener mixture into a mould, that is designed
with the shape of the product) and potting (the mould contains the components to
be encapsulated and forms part of the product). Factors such as viscosity, shrinkage,
chemical resistance, and thermal stability are considered in the manufacturing process
of resin based equipment. The importance of epoxy resins originates from the wide
variety of formulations and reactions, that enables them to be produced with di�erent
properties. Consequently, epoxy resins have been used in several applications including
bushings and cast resin transformers.

Over past decades, world consumption of energy has grown continuously and it is pro-
jected that between 2012 and 2040 global energy consumption will increase by 48 %
due to factors such as an increase in world population and the growth of the worldwide
economy [4]. Most historical and current primary energy demands have been met using
fossil fuels, but it is now broadly accepted that alternative solutions will need to be
adopted going forward. The reasons for this include: combustion of fossil fuels leads to
environmental e�ects, with CO2 emissions being generally believed to be a major cause
of climate change; price instability and the nature of the fossil fuels make it impossible
for these to be considered as an inexhaustible energy supply. In contrast, renewable
energy derived from solar, wind and hydro are e�ectively infinite, relatively clean and
potentially capable of producing the energy required to meet global demands. In the
last three decades, considerable energy has been generated using solar panels and wind
turbines and growing acceptability plus reduced costs have promoted rapid growth in
the deployment of such renewable energy technologies. For example, in Uruguay and
Denmark, the share of renewables reached 33 % (in 2015) and 26 % (in 2016) respec-
tively of the total primary energy supply [5, 6]. However, on a global scale, the power
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produced using renewable energy technologies still represent a relatively small fraction
of the total world energy consumption.

There are several challenges facing the large-scale implementation of renewable energy
technologies. For example, suitable locations for harvesting wind energy, which is widely
used for generating electricity, are not evenly distributed. In many countries, o�shore
wind farms are more e�cient compared to onshore wind turbines [7, 8] and, consequently,
such sites of power generation are usually located far away from centres of demand.
The same can often be said of major hydroelectric stations. Thus, the generated energy
must be transmitted over long distances. In addition, the nature of wind and solar power
makes such sources inherently intermittent, which can make their integration into power
grids somewhat challenging [8]. In summary, the large scale utilisation of electrical power
produced using such sustainable resources will require new technologically advanced
electrical equipment, such as power converters and high voltage direct current (HVDC)
cables. As the demands placed on such components by elevated power densities and
operating voltages increase, so the development of novel material systems capable of
withstanding the consequent operating conditions becomes a key enabling technology.

Since the first introduction of electrical power systems in the nineteenth century, their
insulating materials have been subjected to progressive refinement. Vast research e�ort
have been undertaken globally to explore the potential of nanotechnology to develop
novel insulation systems. Lewis in 1994 [9] was one of the first scientists to articulate
the concept of nanotechnology. Lewis speculated the possible consequences of the in-
terfacial phenomena significantly influencimg bulk macroscopic behaviour. Nanofiller
can take various forms and involve a variety of chemicals, so that the incorporation of
nanofiller into a matrix material can influence a wide range of properties. For instance,
the thermal properties of polymeric composite was altered through the incorporation
of carbon nanotubes (CNT) [10], layered clay nano-fillers [11], graphene and graphene
oxide nano-platelets [12–14], carbide derived nanowires [15], and aluminium nanoparti-
cles [16]. Fillers such as aluminium flakes [17],nano-silica particles [18], titanium dioxide
TiO2 and barium titanate BaTiO3 [19, 20], have been utilised to improve the dielec-
tric properties of epoxy resins systems. In addition, nano-filler are used to enhance
the dielectric properties of transformer oils [21–23]. The progressive growth in operat-
ing voltage was key to the evolution of power systems, 1 MV HVDC transformers are
proven technology [24]. The ability of such applications to withstand an electric field is
governed by the dielectric breakdown strength of its insulating material.

In the case of epoxy resin based insulation systems, several studies have reported im-
proved breakdown strength of epoxy nanocomposite. For example, the inclusion of
5 wt% of nano-alumina (Al2O3), nano-barium titanate, and alumina resulted in an in-
crease in the dielectric breakdown strength of the epoxy nanocomposite by about 5 %
[25], 12 % [26] and 25 % [27, 28] respectively. However, the positive e�ects of the addi-
tion of nanofillers are far from universal, with numerous other studies that either report
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insignificant or poor performance [29–35]. A possible explanation for the deteriorated
performance of polymeric nanocomposite, is due to the fact that some nanoparticles
have a strong tendency to agglomerate resulting from inadequate processing.

From the examples cited above it is clear that although the inclusion of nanofillers seems
to be promising, problems of reproductivity, scalability, and quality assurance, may pose
challenges from a technological point of view.

1.1 Functional Network Modifiers FNM: emergence and
prospective

There is still poor understanding of the fundamental mechanisms by which presence of
nanofillers influence the breakdown strength in a polymeric nanocomposite. Lewis [36]
proposed that, nanofillers lead to the formation of interphase zones, the properties of
these zones di�er from those of the bulk component, and the corresponding interphase
volume is su�ciently large that their properties significantly influence the system’s over-
all behaviour. Tanaka et al. [37], presented a multicored model for interfacial areas in
which factors such as molecular dynamism, chain configurations and chemical condi-
tions varied from area to another. While the model proposed by Tanaka et al. received
broad acceptance over the past few years, there is lack in quantitative verification of
such model. However, recent alternative hypotheses have been suggested based on the
influence of nanofillers on how the local density of electronic states is thus modified
inside a system, rather than on structural factors [38, 39]. This means that the changes
in electrical behaviour in the material is due to the changes in local electrical factors.

If changes in the local density of electronic states is the mechanism through which
nanoparticles influence the electrical response of nanocomposites, an alternative method
may be used to engineer materials with equivalent e�ect to that of nanofillers, where
this new method will not involve the processing problems generally faced when seeking
to introduce nanoparticles. Specifically, this alternative method utilies reactive moieties,
referred to as functional network modifiers (FNM), as a mean of altering the network
architecture of epoxy resin systems. FNM liquid additives, which are introduced to
the resin and hardener mixture in the initial mixing process. The chemical structure
of FNM features reactive groups, which contribute to the curing process, resulting in
integration of these modifiers within the network structure of the resin. Consequently,
this eliminates the dispersion issues associated with the modification using nanoparticles.
In addition to the reactive part, the structure of FNM contain functional groups, which
alter the local electronic traps producing an e�ect comparable to that the impact of the
inclusion of nanofillers.
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1.2 Research Motivation

Epoxy resins are generally used in casting, coating and encapsulation processes proce-
dure for wide variety of applications in di�erent industries, including electrical (in cast
resin transformers, cable termination and as insulators to detect the presence of voltage
on phase line in switchgears), electronics (encapsulation of individual component such as
capacitors, transistors and coils), and aerospace (adhesives and matrices for aerospace
laminating applications). Epoxy resins have proven to provide properties such as elec-
trical insulation, mechanical and chemical resistance, which are fundamental for the
operation of these application. The development of these industries, poses a challenge
to the chemistry of the epoxy resin. For example, the increasing need for energy led to
increase in the scale of electrical generation and transmission devices which resulted in
a vast growth in the electrical sector [40]. Therefore, power equipment and, specifically
high voltage insulating materials are a crucial part of the development of the electrical
sector.

Consequently, numerous studies have been interested in lowering the cost and improving
the properties of epoxy resin insulators to suit particular application [41–43]. Most of
these studies adopted the approach of using nanotechnology through the introducing
of nano- and micro-sized fillers to epoxy system to enhance its mechanical, electrical
and/or thermal properties. Other studies used the approach of adding reactive modi-
fier to modify the network structure of epoxy resin, much of the studies used reactive
modifiers were focused on generating epoxy based material with improved mechanical
and/or thermal properties [44–46]. However, the e�ect of modifying epoxy resin network
using reactive modifiers on the thermal properties of the final composite is still poorly
understood. In addition, there has been no detailed investigation about the e�ect of
the FNMs on the electrical properties of epoxy resins and the mechanism behind the
unusual behaviour of the modified systems. Finally, to date, only few studies investigate
the association between the electrical and thermal properties of epoxy resin network
modified using functional network modifiers. All these issues need to be addressed, and
the underlying physics and chemistry which drive the behaviour need to be understood,
in order to enable engineering novel, high-performance epoxy insulators, and tailor the
properties that e�ect field distribution in epoxy based materials.

1.3 Research Objectives

The goal of this research is to give insights into the e�ect of functional network modifiers
on the properties of epoxy resin systems with the hope of engineering novel epoxy based
insulating material for the future. Four types of FNM were selected to alter the network
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structure of the epoxy resin system, where the e�ect these FNMs on thermal and elec-
trical properties was established. The main objectives of this thesis can be summarised
as follows:

• Investigation of the FNM loading on the stoichiometric ratio of epoxy resins and
consequently their dielectric properties.

Hypothesis 1: The e�ect of the functional network modifiers on the dielectric
properties relies on the number of the reactive moieties, which contribute to the
chemical curing reactions.

• Investigation of the e�ect of functional network modifiers on the electrical proper-
ties of epoxy resin systems.

Hypothesis 2: The inclusion of FNM in the resin system leads to changes in the
network architecture of an epoxy system and therefore alters the electrical prop-
erties in an e�ect equivalent to the mechanisms by which nanoparticles influence
the electrical response of nanocomposites.

• Investigation of the e�ect of di�erent curing mechanisms on the dielectric proper-
ties of modified epoxy resin systems.

Hypothesis 3: Changing the type of hardener (amine or anhydride) leads to changes
in the curing mechanism, which would significantly a�ect the dielectric behaviour
of the system. This is also the case when the system is altered in a systematic
way, using functional network modifiers.

• Investigation of the e�ect of the functional network modifiers on the molecular
dynamics of complex epoxy resin systems.

Hypothesis 4: Modification of the resin structure a�ect the molecular dynamics.
The “ and — relaxations are associated with terminal groups, while – relaxation is
related to segmental movement of main-chains, the consequent dipole relaxation
activate charge transport above Tg.

1.4 Research Contribution

In this project, the original contributions are as follows:

1. Modifying the properties of epoxy resin systems using di�erent functional network
modifiers is proven possible and comparable to the e�ect that have been reported
when introducing nano-fillers to epoxy resin systems.

2. This novel method has been shown to overcome a severe limitation of fillers, usually
ceramic fillers and organic polymer hosts are inherently incompatible, to compen-
sate for this, long manufacturing processes are required which takes time and cost.
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3. Di�erent functional network modifiers with four varied functional groups were
successfully introduced to the network architecture of the amine cured epoxy resins
at di�erent weight loadings.

4. Detailed analysis of the dielectric response of the modified systems was carried
out, where the dipole relaxation and charge transport dynamics were associated
to their molecular origins,

5. The importance of the stoichiometry to show the e�ect of FNM was highlighted.

6. The change in the properties of the modified system is shown to be correlated
to the chemical composition of the functional groups of the functional network
modifier.

7. The new approach for altering the properties of amine cured epoxy resins was
successfully applied for anhydride cured resins, which proves generality of the
e�ect of the functional network modifiers.

1.5 Thesis Outline

After this introductory chapter, a critical review of literature is presented to provide
the reader with background knowledge for theories related to epoxy resin curing mecha-
nisms, methods used to modify the breakdown strength, dielectric properties and ther-
mal behaviour of epoxy resin systems. Chapter 2 also introduces the concept of voltage
stabilisers, to help explaining the electrical behaviour of the modified systems. Details of
the procedures used to manufacture the samples, including the FNM selection process,
stoichiometric calculation and curing schedule are presented in chapter 3. Then, chapter
4 highlights the characterisation methods and explains the experimental techniques used
to test the samples. Chapter 5 focuses on investigation of the e�ect of the stoichiometric
ratio of the modifier on the dielectric properties of epoxy resin systems. Since the FNM
contributes to the curing process, the number of active molecules of the FNM is critical
factor. This chapter discusses the experimental results of two sets of samples which com-
prises of materials calculated using two di�erent methods. In one set the epoxide groups
of the FNM were compensated by removing equivalent number of epoxide groups from
the resin, while in the other set of samples the FNM was added as a weight percentage
of the total weight without changing the stoichiometry of the system. An investigation
of the e�ect of functional network modifiers on the electrical properties of epoxy resin
systems is presented in Chapter 6. The results and the associated discussion of Chapter
6 test hypothesis 2, which suggests that the inclusion of FNM in the resin system leads to
change in the network architecture of an epoxy system and therefore alters the electrical
properties in an e�ect equivalent to the mechanisms by which nanoparticles influence
the electrical response of nanocomposites. Chapter 7 concentrates on investigating the
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e�ect of di�erent curing mechanisms on the electrical properties of modified epoxy resin
systems. Amine and anhydride cured epoxy resin systems were modified using various
concentrations of FNM and the manufactured samples were studied at low tempera-
tures. The results test hypothesis 3, which suggests that changing the type of hardener
(amine and anhydride) leads to changes in the curing mechanisms, which influence the
dielectric behaviour of the system. Chapter 8 investigates the e�ect of the functional
network modifiers on the molecular dynamics of epoxy resin systems, where the results
discuss the molecular origin of the dipole relaxation and charge transport dynamics in
FNM modified epoxy resins systems which test hypothesis 4. Finally, the thesis ends
with conclusions and outlines future work summarised in Chapter 9, while details of
some of the experimental data and the associated supporting figures are located in the
appendices.





Chapter 2

Literature Review

2.1 Introduction to Epoxy Resins

In a broad sense, the term epoxy resins (ER) refers to polymeric materials containing
one or more epoxide groups (also known as oxirane rings or ethylene oxide) situated
internally or terminally within the ER molecular structure [2, 3, 47]. These epoxide
groups are three-membered rings, comprise of one oxygen and two carbon atoms. There
is a large variety of epoxy resins, the classification of the di�erent types of epoxy resins
are not always distinctly clear from literature. However, a broad classification of ER can
be made according to the method used to synthesise the resin. Hence epoxy resins can
be divided into two main types, namely non-glycidyl and glycidyl based epoxy resins, as
shown in Figure 2.1 [3, 48]. The molecular structure of the main classes of ER is shown
in Figure 2.2.

Since the first commercial application of epoxy resins in late 1940s, glycidyl based epoxy
resins were the most important type of ER. Glycidyl ether based ER currently represents
95% of the resins used in commercial applications, while glycidyl ester and glycidyl
amine resins failed to find a significant market share, because they have been reported
as being self-polymerisable and unstable materials [2], which is also the case for linear
aliphatics. However, cycloaliphatic resins are getting a lot of attention recently [49–53].
Since glycidyl ether based epoxy resins are the topic of interest in this work, other types
of ER are considered out of the scope. ChemDraw professional software

Epoxy resins are thermosetting polymers. The chemical reaction involved in the curing
process of the resin results in an irreversible transformation from a viscous liquid to
an amorphous cross-linked network. The molecular chains have restricted freedom of
movement and retain a specific shape. Therefore, thermosets cannot be recycled and
once cured become unable to be reshaped; typically when excessive heat is applied to
thermosetting polymers the network undergos thermal degradation and chain scission.

2.2 Epoxy Resin Curing Mechanisms

In general, the conversion process of a liquid resin into a cured, three-dimensional struc-
ture, occurs through the reaction of the epoxide groups within the molecular structure
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Epoxy
Resins

Glycidyl Non-
glycidyl

Glycidyl
ethers

Glycidyl
esters

Glycidyl
amines

Linear
aliphatic

Cyclo-
aliphatic

Figure 2.1: Classification of epoxy resins according to synthesis method.

—
(a) Dyiglycidyl ether of bisphenol-A. (b) Glycidyl ester based resin

(c) Glycidyl amine based resin (d) Linear aliphatic resin.

(e) Cycloaliphatic resin.

Figure 2.2: Chemical structure of di�erent epoxy resins.
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of the resin, with the active species from the curing agent (also called hardener). Com-
monly, curing of the resin is accomplished through the use of amines or anhydrides,
in concert with a catalyst or accelerator. The curing reactions of an epoxy resin with
a hardener is a complex mechanism that involves a number of cross-linking reactions.
However, several studies have discussed the principle chemical reactions that defines the
resin curing mechanism in detail [3, 47, 54]. For example, the addition of an amine
hardener to an epoxy based resin results in a reaction between the epoxide groups of
the resin and an amine group from the hardener, which is often a primary type amine
group. This reaction results in creating a secondary amine and a hydroxyl group. The
secondary amine groups may later react with an epoxide group available in the system.
This reaction results in forming another hydroxyl group and a tertiary type amine group,
generating a cross-linked system. A schematic diagram which illustrates the curing re-
actions is plotted with the assistance of ChemDraw software package is presented in
Figure 2.3.

Figure 2.3: Reactions between an epoxide group and an amine group from amine
hardener
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In principle, the reactions between the epoxide groups and the amine groups continues
until all the active groups available in the system have contributed to a cross-linking
reaction. In practice, however, vitrification means that it is unlikely to consume all the
reactive groups in the system.

When an anhydride hardener is used, the curing reactions are more complex compared
to the cross-linking reactions of amine cured systems. This is because anhydride hard-
eners are not capable of reacting directly with the epoxide groups, without initiation
reaction. In the anhydride initiation reaction, the anhydride rings reacts with a OH
groups available in the system, creating a monoester containing a carboxylic acid. The
consequent carboxylic acid group react with an epoxide groups from the resin. This
reaction results in forming a hydroxyl group and an ester linkage; hence the reaction
of the intermediate carboxylic acid group (active group of the anhydride hardener) and
the epoxide group of the resin is referred to as esterification reaction [55–57], which is
schematically presented in Figure 2.4. In addition to the reactions mentioned above,
the hydroxyl groups available in the system may react with the epoxide groups of the
resin, producing an ether link. If these epoxide groups originate from the backbone of
the resin, the reaction is referred to as homopolymerisation.

Figure 2.4: Possible curing reactions between DGEBA epoxy resin and an an-
hydride hardener.
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Whereas, in the case of the hydroxyl groups are a consequent of a previous reaction be-
tween the resin and the hardener, the reaction is commonly referred to as etherification.
It is important to point out that both reactions (homopolymerisation and etherification)
may occur in anhydride and amine cured systems, where their probability increases as
the curing/post-curing temperature increase [2]. Figure 2.5 present a schematic diagram
for the idealised structure of the neat and FNM modified epoxy resin systems.

Figure 2.5: Idealised 2D schematic diagram showing the e�ect of the FNM on
the structure of the resin.

As can be seen from the above discussion, the type of the hardener (based on it its chem-
ical structure) defines the curing reactions, which impact the formed network structure.
The primary process when using an amine hardener requires two active epoxide rings
from the resin and the hardener’s amine groups. However, when an anhydride hardener
is used, both the terminal epoxide groups and the hydroxyl groups from the backbone
of the resin may contribute to the curing process. Therefore, the curing mechanisms
are directly associated with the type of the hardener, where the reactivity of the resin
may vary accordingly. A comparison between the behaviour of a DGEBA resin in the
presence of an amine and an anhydride hardener, in addition to, an idealised network
structure assuming optimum stoichiometry is illustrated in Figure 2.6.

2.3 Methods for Modifying the Properties of Epoxy Resins

Depending on the number of the repeated units in the chemical composition of the
resin, ER can be produced with di�erent viscosities which gives manufacturing flexibility.
These properties make epoxy resins an excellent thermosetting material, suitable for a
wide variety of applications, from medical diagnostic equipment (MRI machines and
ultrasound devices), to adhesives in aerospace applications, encapsulation of electronic
devices and casting for high voltage transformers [3, 48]. The properties of epoxy resin
used in each application are di�erent. For example, according to Vryonis et al., epoxy
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(a) (b)

Figure 2.6: Schematic diagram showing the expected reactivity behaviour of the
DGEBA resin in (a) unmodified amine cured, (b) unmodified anhydride cured.
Etherification process was neglected

resin used for coating the blades of wind turbines need to enable electrical discharge to
ground by increasing the surface conductivity, to protect wind turbines from damage due
to lightning strikes [58]. Thus, these ER are required to have high electrical conductivity
[59]. On the opposite side of the spectrum, epoxy resin with high electrical insulation
properties are required for high voltage solid insulated switchgear, to insulate between
the disconnect switch and earthing [3]. Consequently, to support the vast variety of
applications, epoxy resins are engineered to generate specific combinations of electrical,
thermal and mechanical properties. A growing number of research has been undertaken
to investigate the di�erent methods of generating ER with varied properties. There have
been several studies in literature that reported the di�erent types of modifiers, which
are able to impact the electrical and thermal properties of epoxy resin systems. A broad
classification of epoxy resin modifiers can be made according to the method used to
introduce the modifier to the base epoxy system. Hence epoxy resin modifiers can be
divided to two main types namely: fillers (nano and micro sized particles) and network
modifiers (mainly liquid additives which are introduced to change the viscosity or alter
the resin network on the molecular level). A critical review of literature focused on these
methods is presented in the next sections of this chapter.
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2.3.1 Fillers

Fillers are small grained particles that are added to a host material, in order to change
its properties. Fillers could be organic or inorganic, with varied sizes, forms and shapes
[60–62]. The sizes of the fillers are nowadays used to define the category of the filler.
For example, fillers with size between 100 nm and 500 nm are referred to as meso-sized
fillers, while fillers with size of less than 100 nm or exceeds 500 nm are known as nano-
sized and micro-sized fillers, respectively [63, 64]. The physical form of fillers includes
cubes, spheres, flakes, plates and fibres [65]. These fillers are added to epoxy resins to
alter a number of properties of the ER systems including the mechanical, thermal and
electrical properties of the composite. Throughout this work the review of the epoxy
resin fillers will be focused on fillers which are introduced to epoxy resin systems for the
purpose of studying the thermal, electrical and mechanical properties. Other types of
fillers, for example, fillers used as antioxidant additives and colouring fillers (pigments
and dyes) are studied and reviewed elsewhere [66, 67], and will not be repeated here.

2.3.1.1 Breakdown Strength in Filled Epoxy Systems

Since their first remarkable advances in the 20th century, nano-dielectric materials have
attracted considerable attention due to their ability to alter the electrical properties
of insulating materials. Several studies have reported promising positive e�ect of nano
sized fillers on the breakdown strength of polymeric materials [68–71]. However, not all
fillers give improved breakdown strength. Contradictory results are reported in litera-
ture, where unfilled epoxy resins show better performance in breakdown test than ER
system filled with certain nano-fillers. For example, Tsekmes et al. [72] conducted a
study to investigate the e�ect of nano-fillers on the AC breakdown strength of epoxy
resin systems. Varied concentrations of boron nitride nano-fillers were used to test the
breakdown strength of filled epoxy resin and evaluate the reproducibility of the exper-
imental results. The data indicated that samples with 5 wt% of boron nitride filler
content have deteriorated breakdown strength compared to the breakdown strength of
the unfilled epoxy systems. Tsekmes et al. [72] suggested that their results are repro-
ducible and concluded that the breakdown strength of the filled systems depends on the
filler loading rather than the method used to synthesise the composite. While the re-
sults might be valid, the interpretation of the data could have been better if they would
have investigated the breakdown strength behaviour at the interaction region between
the filler and the host material i.e. the e�ect of filler size on charge distribution at the
interphase and filler surface functionality.

In a study conducted by Andritsch et al [73], the e�ect of di�erent size of boron nitride
on the breakdown strength of epoxy resin systems was investigated. Contrary to the
findings of Tsekmes et al. [72], the data presented by Andritsch et al. [73] indicated an
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increase of about 6 %, 11 %, 21 % and 42 % in the breakdown strength of composites
with filler size 5 µm, 1.5 µm, 0.5 µm and 70 nm respectively. Andritsch et al. suggested
that the noticed breakdown behaviour is attributed to the size of the interface associated
to each filler size.

In a study by Zhe et al, it was reported that the addition of 5 wt% of Al2O3 nano fillers
to an epoxy resin is suggested to result in 5 % increase in the breakdown strength of
the filled epoxy system compared to the breakdown strength measured for the reference
unfilled resin [25]. Zhe et al suggested that the filler size (micro or nano) is the factor
that drives the breakdown strength of the filled epoxy resins [25]. In addition, the results
of Zhe et al indicated that the inclusion of a comparable loading (5 wt%) of micro sized
Al2O3 to the same epoxy resin would results in 56 % decrease in the breakdown strength
of epoxy micro-composite compared to the behaviour of the breakdown strength, where
the decrease in the breakdown strength for the materials filled with micro sized fillers was
associated with voids introduced into the polymeric network during the manufacturing
process. Furthermore, Zhe et al suggested that the electric tree grow rapidly at the
surface of the micro filler compared to the surface of nano filler, which they associated
with the noticed reduction in the breakdown strength for the micro filled systems. This
statement may not be accurate since the ratio of surface to material size is greater in
nano fillers [63]. Besides, the two fillers (micro and nano) were not prepared using the
same method as the surface of the nano fillers was modified to ensure e�cient dispersion,
this procedure was not applied for surface of the micro fillers. Therefore, as the interface
surface of the fillers plays a vital role in defining the final properties of the composite [9],
the comparison between the influence of the nano and micro fillers on the breakdowns
strength of epoxy resin systems used by Zhe et al. in [25] with only one filler modified
is not accurate.

The e�ect of the electric field on the breakdown strength of epoxy resin systems filled
with di�erent types of nano-fillers was investigated by Iami et al [30]. The study tested
epoxy resin systems filled with TiO2, SiO2 and layered silica nano-fillers under homoge-
neous and divergent AC electric fields. The results of Iami et al [30] showed that under
a homogenous electric field, epoxy resin systems filled with comparable concentration of
both TiO2 and layered silica nano-fillers exhibit lower AC breakdown strength compared
to that of unfilled epoxy system, while the opposite was reported for the same sample
compositions tested under divergent electric field. Iami et al [30] suggested that the no-
ticed decrease in the breakdown strength of the TiO2 and silica filled systems reported
under homogenous electric field is attributed to the high relative permittivity of these
fillers compared to the permittivity of the neat epoxy resin. The study also explained
that the permittivity of TiO2 filled systems is higher than the permittivity of all other
tested composites. Iami et al did not provide any experimental data or literature to sup-
port their interpretation. In addition, no explanation was provided for the behaviour of
the filled epoxy system under divergent electric field. Perhaps, the behaviour noticed by
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Iami et al is related to factors such as the nature of the filler surface and the interaction
between the filler and the polymer, where the surface modification of TiO2 nano-filler is
reported to influence the breakdown behaviour of epoxy nanocomposite under divergent
field [74].

Although several studies have presented the beneficial e�ects of adding fillers to poly-
mers, it can be seen from the above discussion that not all fillers improve the breakdown
strength of epoxy composites. Where several factors a�ect negatively the performance
of the composite, these factors may includes: the filler size, type, surface functionality
and dispersion.

2.3.1.2 Complex Permittivity in Filled Epoxy Systems

A growing number of studies have investigated the permittivity of epoxy resin systems
filled with di�erent fillers. However, the published literature is contradictory, and there
is no clear definite explanation for the behaviour of all filled epoxy resin systems.

For instance, in a study on the e�ect of filler size on the dielectric properties of epoxy
resin, Iyer et al [75] prepared epoxy resins filled with micro, nano and mixed size silica
fillers. The study reported that samples filled with nano sized filler are suggested to
show low permittivity compared to the permittivity measured for the other samples
(filled with micro and mixed size fillers). Iyer et al [75] suggested that the reduced
permittivity of the nano-filled systems is associated with the interaction between the
filler particle and the epoxy resin, where it was claimed that large interaction between
the nano-fillers and epoxy resin is present in the nano-filled systems compare to systems
filled with micro size fillers.

The results of Iyer et al [75] are in contrast with the findings reported by a study of
the influence of the interface region for epoxy resin system filled with similar nano-fillers
conducted by Sun et al [76]. The results of Sun et al [76] showed that at low frequencies,
silica nano-composite have higher permittivity compared to the permittivity measured
for epoxy systems filled with micro sized fillers. Sun et al [76] stated that the variation
in the dielectric behaviour of the filled system is associated with contamination through
the synthesis method used to produce the fillers, as moieties retained in the system
could have enhanced the ionic conductivity of the nano-filled systems, which resulted
in the noted increased dielectric loss. One can question their main explanation, as it
was based on the contamination during the synthesise method, while only the supplier
was mentioned in the experiment section of the study and no information were provided
regarding the method used to synthesis the fillers.

In a study by Singha and Thomas, the dielectric properties of epoxy systems filled with
di�erent types of fillers have been compared [29]. Varied concentrations of di�erent
types of fillers, such as TiO2, ZnO and Al2O3, were used in both micro and nano
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sizes. The general trend showed that the real part of complex permittivity of TiO2 is
significantly higher than that of ZnO, and at certain concentrations both fillers have
higher real permittivity compared to the neat epoxy. Perhaps the most interesting
reported permittivity is that of epoxy samples filled with 10 wt% TiO2 nano-filler, as
these samples were reported to have high real permittivity relative to the unfilled system.
These results contradict the findings reported by Nelson and Fothergill in [77]. In their
study, Nelson and Fothergill used epoxy resin systems filled with 10 wt% of TiO2 nano-
filler, which is similar to the filler and sample composition used by Singha and Thomas
[29]. The results of Nelson and Fothergil [77] suggested that samples with 10 wt% of
TiO2 nano-fillers have low relative permittivity compared to that of neat epoxy systems.
The hypothesis of the authors was that the presence of the nano-fillers would restrict the
dipole movement, while micro sized fillers would undergo Maxwell-Wagner polarisation.

Maity et al [78] stated that the interface region between the filler and the base epoxy
plays a vital role in defining the dielectric properties of the final composite, which is
similar to the suggestions of Iyer et al [75]. In contrast, the work of Sun et al [76]
gave more emphasis on the chemical structure of the filler and synthesis method, whilst
Nelson and Fothergill [77] suggested that the size of the filler contributes to the dielectric
behaviour of an epoxy nanocomposite.

It can be seen from the above discussion that the permittivity of the epoxy composite
is sensitive to several factors, which influence the final behaviour of the composite.
These factors could be the filler dispersion, the base material formulation, the interface
area, the concentration and surface functionalisation of the filler. It may also be that a
combination of any of these factors could have resulted in the contradictions found in
the literature regarding the complex permittivity of epoxy filled systems.

2.3.1.3 Glass Transition Temperature Behaviour in Filled Epoxy Resin Sys-
tems

The thermal properties of epoxy resin systems are reported to be a�ected by the inclusion
of fillers. The aim of this section is to review studies reported in literature that have been
conducted to modify the thermal properties of epoxy resin systems by the inclusion of
fillers. The review will emphasis on the modification of the glass transition temperature
as it is relevant to the research conducted in this thesis. In a study conducted by
Nishanth et al [79], the e�ect of adding carbon nanotube CNT on the thermal properties
of epoxy resin nanocomposite was investigated. The data showed that the introduction
of up to 4 wt% of CNT, resulted in 5 % increase in Tg, compared to that of the Tg

measured for the neat epoxy. However, higher filler loading (above 4 wt%) shifted Tg to
lower values of temperature. Nishanth et al [79] provided no explanation for the physical
phenomenon of the observed behaviour of Tg. In a similar work, Kosmidou et al [80]
investigated the e�ect of di�erent concentrations of carbon black nano-fillers on the Tg of
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epoxy resin systems. Kosmidou et al [80]considered two sets of curing schedules, where
a group of samples were only cured at 60 °C for 20 h, while the other group of samples
were cured for the same time and temperature as the first group, then post-cured for
2 h at 150 °C. The results showed that for low loadings of nano-carbon black fillers
(below 0.7 wt%), the glass transition temperature of the epoxy nanocomposite is higher
than the Tg of the neat system; However, after adding a certain concentrations of the
nano-filler (above 0.7 wt%), the Tg start to decrease significantly. Kosmidou et al [80]
suggested that the variation in the Tg is associated with the domination of one of two
mechanisms, namely interfacial constrains and free volume. They also proposed that the
free volume e�ect is based on the extra space generated inside the molecular matrix due
to the introduction of the nano-fillers, which rises as the filler concentration increase.
Whilst the interfacial concept is based on several complicated e�ects that occur at the
surface of the nano-fillers. These were suggested to modify the molecular kinetics in
this region, and constrain the chain entropy, which results in Tg shifted to a higher
value. Kosmidou et al proposed that the reason for the noted rise in the Tg is associated
with the interfacial constraint mechanism, which is proposed to be dominat at low filler
concentration, while the free volume mechanism would dominate at 0.7 wt% and higher
filler loading [80]. Kosmidou et al stated that the reason for the domination of a certain
mechanism at specific concentration is attributed to agglomeration of the nano-fillers.
Finally, the results of Kosmidou et al [80] indicated that the post-cured systems featured
comparable behaviour to that of the non-post-cured systems, but with higher Tg values.
While the explanation for the free volume and the interfacial surface constraint sounds
reasonable, the sample preparation method appears to be questionable. Curing of epoxy
resin plays a vital role in defining the properties of the bulk material. Kosmidou et al
[80] provided no justification for using the selected curing and post curing time and
temperatures, while other studies used similar hardener with DGEBA recommended
the use of three stages of curing [81, 82].

In other work, the glass transition temperature of di�erent types of ER systems filled
with layered clay nano-filler has been shown to decrease monotonically, and inversely
proportional to the filler loading. The decrease in the Tg was reported to be 20 °C for
DGEBA and below 15 °C for all other tested resins [11]. Becker et al [11] assumed that
there are several factors which a�ect the behaviour of the Tg in epoxy nanocomposite,
where determining the impact of each factor separately may not be possible.

Sun et al [16] investigated the e�ect of micro and nano-sized fillers on the Tg of ER
system filled with silica, silver and aluminium nano-fillers. Their results indicated that,
generally, epoxy samples filled with nano-sized fillers showed lower Tg temperatures
compared to the Tg of systems filled with micro fillers. Sun et al [16] explained the
noted decrease in the Tg is due to a combination of the increase in both the free volume
and the increase in the material to interfacial area, which significantly alter chain kinetics
and causes shift of the Tg to lower values. In contrast to the findings of Kosmidou et al
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[80], Sun et al [16] proposed that both mechanism occur at the same time. Other studies
on the e�ect of fillers on Tg reported no significant e�ect of the corporation of fillers on
the glass transition temperature of polymeric composites [83, 84]; therefore, the above
discussion proves another contradiction in literature.

2.3.1.4 Mechanical Properties in Filled Epoxy Resin Systems

Fully cured epoxy resin are brittle in nature and lack su�cient toughness to be com-
patible with a wide range of applications. Most of the reported improvements in the
mechanical properties of epoxy resin were associated with the addition of varied loadings
of fillers, that featured di�erent sizes and shapes. In a study conducted by McGrath
et al [85], the e�ect of adding alumina (–-Al2O3) fillers on the mechanical properties
of DGEBA epoxy resin cured with Je�amine (D230) was investigated. The fillers were
introduced to the base epoxy material using several methods, so that the produced sam-
ples can be evaluated according to four parameters, which are: particles loading, shape,
size and cross-linking density. The results of fracture toughness testing indicated that
the filler loading and the cross-linking density significantly a�ect the mechanical proper-
ties of the samples. Whereas the particles size and shape had no substantial e�ects [85].
Similar conclusions were reported by Radford [86], where the elastic modulus increased
with increasing the filler loading, independent of the particles size. Comparable findings
were suggested for phenolic resin filled with di�erent size of CaCO3 fillers [87], and for
DGEBA resin filled with alumina nano-fillers [88]. However, Nakamara et al [89] claimed
that the size of nano-particles has significant e�ect on the mechanical properties of silica
filled epoxy-based resins and that the decrease in the size of silica particles within the
range (2 - 47 µm) would increase the elastic modulus and the tensile strength of the
material. Nakamara et al [89] provided no explanation for the reported behaviour.

While most literature is in agreement that the size of the fillers only slightly a�ects
the mechanical properties of the epoxy nanocomposite, the shape of the particles is a
more controversial parameter. The study of Lim et al [88] compared the mechanical
properties of epoxy resin samples filled with rod and platelet shaped alumina particles.
The results indicated that the elastic modulus increased by 30 % after the introduction
of 5 wt% of the platelet-shaped particles, while the addition of the rod-shaped particles
enhanced the modulus by only 17 % for the same wt%. The results of Lim et al. were
explained by the fact that platelet-shaped particles features high area for the same
volume compared to the rod-shaped particles, which allows transferring the mechanical
stress to larger area of the particles. McGrath et al [85] disagree with the findings of Lim
et al [88], where the former proved that the addition of alumina nano-fillers to DGEBA
resin had an insignificant e�ect on the elastic modulus and the tensile strength of the
alumina-filled resin, with no specific explanation. It can be seen that, Lim et al [88]
used platelet and rod alumina shaped particles for the comparison, while McGrath et al
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[85] utilised spherical and angular alumina shaped particles. Platelet shapes have high
surface area compared to rod shapes for the same volume, while the area of spherical and
angular shapes are quite similar. Therefore, both shapes spherical and angular might
transfer similar mechanical stress, which would have resulted in the slight influence of
the particles shape on the mechanical properties reported by McGrath et al [85]. Hence,
the conclusion stated by McGrath et al in [85] about the particles shape is inaccurate
due to weak comparison and should not be generalised.

Adding poly-phenylene-oxide PPO to DGEBA resin resulted in linear increase in fracture
toughness of the material as a function of filler loading [90]. Similar findings reported
for di�erent systems with varied fillers [86, 87].

From the above discussion, it is possible to suggests that most published literature
agrees that the cross-link density, the size distribution and the filler loading are the most
important parameters in determining the mechanical properties of a nano-composite.

2.3.2 Network Modifiers

Network modifiers are liquids or solids with low melting point, used, traditionally, to
control the viscosity of epoxy resin systems without causing significant changes to the
behaviour of the material [48, 91, 92]. Network modifiers are usually added to epoxy resin
mixture in liquid phase before curing to facilitate casting and improve the embedding
of other additives [91]. There are several di�erent types of network modifiers, which can
be generally classified in two main categories according to their ability to bond with the
epoxy resin network [47, 91, 93], these modifiers are namely, non-reactive and reactive
network modifiers, as illustrated in Figure 2.7.

Epoxy
Network
Modifiers

Non-
Reactive Reactive

Non-epoxy
based

Epoxy
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mono-
epoxy
group
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Figure 2.7: Classification of epoxy network modifiers.
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In this work, single and multiple epoxy based reactive network modifiers are utilised to
alter the network structure of the epoxy resin, these are referred to in the context of this
thesis as functional network modifiers, FNM. Other modifiers, such as the non-reactive
and reactive non-epoxy based modifiers, will be reviewed in this section; however, they
have not been used in the experimental section as they are out of the scope of this work.

2.3.2.1 Non-Reactive Modifiers

Non-reactive modifiers are chemicals which are employed mainly to control the viscosity
of epoxy resin systems [93]. Solvents such as toluene, xylene, acetone and castor oils are
examples of non-reactive modifiers [91]. These compounds, by nature, cannot react and
bond with the network of the epoxy resin and are assumed to have negligible influence
on the ultimate properties of the material [3]. Non-reactive modifiers commonly used
are volatile substances, which escape the system after degassing and curing, as they
have low flash point, that prevent them from surviving the curing process [93]. The
addition of non-reactive modifier might enhance the cross linking of the epoxy resin
system, resulted from the increased freedom of movement of the molecules due to the
initial reduced viscosity [91].

Liao et al [94] investigated the e�ect of adding acetone (as a non-reactive modifier)
on the dispersion of CNT fillers in epoxy resin systems. The results showed enhanced
dispersion of fillers due to the controlled viscosity achieved by the non-reactive modifier.
The results of Liao et al [94] also indicated, that samples produced with the addition
of acetone have significantly reduced glass transition temperature, compared to samples
fabricated without acetone, although the acetone was removed from the sample mixture
before curing. They provided no explanation for the e�ect of acetone on Tg. In addition,
Liao et al [94] provided no evidence for the presence of acetone in their tested samples.
Since the sample mixture was degassed, the acetone solvent might have already left
the samples by the time they have conducted the Tg measurements. Indeed, one can
argue that factors other than the acetone are likely resulted in the noted decrease of Tg,
it would have been beneficial if the authors investigated the chemical structure of the
samples using techniques such as fourier transform infrared spectroscopy to develop a
clear understanding of the chemical composition of the tested materials. On the other
hand, Loos et al [95] investigated the e�ect of residual acetone used for enhancing the
dispersion of nano-fillers on the curing process and the mechanical properties of epoxy
resins. They used both FTIR and thermogravimetric analysis (TGA) to support the
existence of acetone in the tested samples. Loos et al [95] concluded that acetone is
beneficial solvent for filler dispersion, which would have no e�ect on the mechanical
and thermal properties of the epoxy resin system if removed before curing. This was
explained by the increased viscosity of the mixture provided by the acetone, which
would have modified the cross-linking density of the epoxy network before the molecules
become immobile.
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In another study, Hong and Wu [96] examined the e�ect of tetra-hydrofuran, toluene
and acetone on the curing behaviour of epoxy resin systems. The results indicated that
if the non-reactive modifiers are present in the cured epoxy resin systems, the functional
groups of the modifiers reduce the Tg in order related to the boiling temperature of the
modifier [96]. The findings of Hong and Wu are similar to the findings of Loos et al
[95], as both studies concluded that non-reactive modifiers can have negative a�ect on
the properties of the epoxy system present in the fully cured composite. Usually, the
resin mixture is degassed long enough to ensure no bubbles exist in the system. The
degassing process would allow volatile non-reactive molecules to escape and hence their
e�ect can be neglected.

2.3.2.2 Reactive Network Modifiers

Reactive network modifiers in this context are generally any solvent or chemical added
to the epoxy and hardener mixture which can react with the mixture and become part
of the matrix and thus influence the properties of the composite [78, 81]. Reactive net-
work modifiers, can be divided into two main types: non-epoxy based and epoxy based
network modifiers, according to the functional group within its chemical structure.

a. Non-Epoxy Based Network Modifiers

Any solvent used for controlling the viscosity of the epoxy resin, combined with chang-
ing some of the properties of the system without containing epoxide groups within its
chemical structure, can be consider as non-epoxy based network modifiers [91]. This
class of modifiers comprises of compounds that can react with the hardener or the resin,
but not considered as curing agents. Reactive non-epoxy based network modifiers which
have been reported in literature include triphenyl phosphite, divinyl ethers, short chain
polyols, lauric acid and lactone compounds [47, 48].

It has been suggested in several studies that reactive non-epoxy network modifiers can
alter the mechanical properties of epoxy resin systems. For example, Harani et al [97]
investigated the e�ect of hydroxyl-terminated polyester on the mechanical properties of
diglycidyl ether of bisphenol A. Fourier transform infrared (FTIR) technique was used
to characterise the samples which contained di�erent concentrations of the network
modifier. Harani et al [97] utilised network modifiers with two chemical structures;
slightly branched and branched polyester. The results indicated that the introduction
of the reactive network modifiers increased the impact strength of the modified samples.
In addition, certain concentration of long chains, low branched, high molecular weight
reactive network modifiers lead to significant improvement in the mechanical properties
of modified system.
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In another study, Tang et al [98] synthesised a polyurethane-based reactive network
modifier which was used to modify an anhydride cured DGEBA resin. Two structures
of network modifiers were compared, one with polyurethane while the other modifier
featured short-chains imbedded between the nodes. The network modifiers shifted Tg of
the cured samples to lower values and decreased the viscosity in the liquid phase. The
used modifier was capable of reacting with the resin. In addition, the network modifiers
improved the impact strength of the modified material. Similarly, the bending strength
of liquid crystalline polyurethane-imide (PUI) modified epoxy resin increased by 32 %
compared to the neat epoxy resin [99].

A more detailed study of the mechanical properties of polyurethane modified epoxy
resin was conducted by Bakar et al [100]. It was found that the addition of 20 wt% of
polyurethane-imide loading resulted in a maximum improvement in the impact strength,
while the tensile strength reached the maximum value at 15 wt%. In addition, the
measured Tg value was decreased by about 50 °C and the elastic modulus was reduced
by 50 % compared to the unmodified samples.

Studies of epoxy systems modified with compounds considered as non-epoxy based net-
work modifiers also reported change in the thermal properties of the modified systems.
For instance, Dougherty and Vara [101] have shown that the addition of divinyl ethers
increase the Tg of epoxy resin systems, and Pan et al [102] reported a significant increase
in the Tg of the modified systems which was associated with the addition of barbituric
acid. Most studies have only reported the e�ect of the non-epoxy reactive network mod-
ifiers on the cure kinetics, thermal and mechanical properties of epoxy resin systems
[97, 101, 103]. The e�ect of reactive non-epoxy based modifiers on the electrical prop-
erties has not been well studied. This may be due to the low e�ectiveness of non-epoxy
based network modifiers, compared to the epoxy based network modifiers.

b. Epoxy Based Reactive Network Modifiers

Epoxy based reactive modifiers (functional network modifiers FNM) are chemicals con-
taining one or more epoxide groups within their chemical structure [47, 91]. Epoxy-based
reactive modifiers can be sub-categoried into mono-epoxy and poly-epoxy based modi-
fiers, according to the number of epoxide groups in the molecular structure. Mono-epoxy
based reactive modifiers refer to modifiers containing only one epoxide group. An exam-
ple of reactive mono-epoxy based modifiers are materials containing aromatic or aliphatic
chemical structures such as ethyl glycidyl ethers and glycidyl 2-methylphenyl ether
shown in Figure 2.8. Accordingly, poly-epoxy have more than one epoxy group in their
molecular structure, such as diglycidyl ether and diglycidyl 1,2-cyclohexanedicarboxylate
shown in Figure2.8.

Epoxy based reactive network modifiers contribute to the curing process through their
epoxide groups. The reaction of these modifiers with the hardener during the curing
process is similar to that of the base epoxy resin (as discussed in section 2.2). Therefore,
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the reactive modifiers and the associated R-group become part of the three-dimensional
network of the cured resin. Consequently, epoxy based modifiers contribute to the
physical, thermal and electrical properties of the epoxy material.

Figure 2.8: Examples of aliphatic and aromatic structures of monoepoxies and
polyepoxies epoxy based reactive modifiers.

Several studies have investigated the e�ects of epoxy based network modifiers on the
thermal and mechanical properties of epoxy resin systems. Chen et al [104] synthesised a
polyepoxies reactive modifier and used it to study the thermal and mechanical properties
of modified petroleum-based epoxy resin. To ensure the presence of the modifier, which
was polyepoxide cardanol glycidyl ether, Chen et al [104] characterised the cured samples
using FTIR. The results of Chen et al [104] indicated that the addition of up to 20 wt%
of the functional modifier would improve the heat resistance and mechanical properties
of the modified epoxy systems. In another study, the activation energy of an ER system
modified using 1,2-cyclohexanediol diglycidyl ether (polyepoxide modifier) was measured
[105]. It was reported that the introduction of 20 % by mass of the reactive modifier
results in 20 % reduction in the activation energy. The authors suggested that the
reason for the reduction in the activation energy is due to the ease of reaction between
the amine groups of the hardener and the epoxy groups of the reactive network modifier,
compared to the epoxide groups from the base resin. The authors present no proof why
epoxy groups of a reactive modifier would react easier with the hardener compared to
epoxy groups of the resins and this claim was not reported elsewhere in literature.

Nunez-Regueira et al [106] investigated the curing behaviour and the glass transition
temperature of DGEBA epoxy resin modified using vinylcyclohexene dioxide, which is
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a poly-epoxy epoxy based reactive modifier. DSC was used to measure Tg for samples
with varied concentrations of the network modifier. Nunez-Regueira et al [106] stated
that 15 % is a critical mass percentage beyond which the modifier has no considerable
e�ect on the thermal properties or the degree of curing. Their results indicated that
the introduction of an epoxy based reactive modifier shifts the curing peaks to higher
temperature values. In addition, the study [106] showed that the measured Tg is inversely
proportional to the added weight of the network modifier. The variation in the thermal
properties was explained due to the shortage in the diamine hardener. In the samples
used by Nunez-Regueira et al [106], there are two sources of epoxide groups (the resin and
the modifier), both should be considered in the calculation of the sample stoichiometric
ratio. In the case of no compensation for the amine groups consumed by the modifier,
the produced samples will have an excess of epoxide groups, which a�ect the thermal
properties of the systems. Similar behaviour of Tg was reported by Montserrat et al
[107] and Pineda et al [108] for DGEBA resin modified with aliphatic diglycidyl ether
and 1,4-butanediol diglycidyl ether reactive modifier respectively. Montserrat et al [107]
explained the decrease in the Tg as a result of the increase in the freedom of mobility
of the molecules. This is sensible, as the reactive modifiers are embedded in the resin’s
network, which changes the chemical structure and introduces possible free space within
the epoxy matrix. Consequently, the glass transition temperature shifted to lower values.

Few studies investigated the e�ect of epoxy based network modifiers (specifically POSS
based modifiers) on the breakdown strength of epoxy resin systems [109–112]. In all these
studies, the modified system was treated as nano-structured epoxy composite without
accounting for the curing reactions associated with the epoxide groups of the modifier
and varying the stoichiometric ratio of the mixture accordingly to prevent unbalanced
mixture (excess resin or excess hardener). In both [109] and [110] the reported en-
hancement in the dielectric properties can be challenged as no evidence of the chemical
composition of the tested samples was provided.

According to Alhabil et al [113], altering the resin to hardener ratio results in creating
network structures with varied retained chemical functionalities. Alhabil et al [113] sug-
gested that the Tg of epoxy resin systems is greatly influenced by the precise network
topology, residual amines markedly increased the conductivity of amine cured systems,
leading to a consequent reduction in DC breakdown strength. Similarly, Nguyen et al
[114], considered the e�ect of variations in stoichiometry on AC breakdown of anhydride
cured epoxies and suggested reduced breakdown strength for systems with excess hard-
ener. Therefore, it is important to consider a correct stoichiometric ratio when seeking
to alter the properties of an epoxy resin using epoxy-based reactive network modifiers.

Perhaps the most relevant article is the investigation of the influence of octyl/decyl gly-
cidyl ether modifiers on the dielectric properties and the breakdown strength of modified
epoxy resins conducted by Liu et al [115]. The dielectric measurements of Liu et al [115]
indicated insignificant variation in the real part of complex permittivity for samples
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with up to 10 % of epoxide groups from the reactive modifier. However, at frequency
below 10 Hz, the real permittivity of the 10 % sample, starts to increase. On the other
hand, the imaginary part of the complex permittivity indicated increase in both —≠
and –≠ relaxations. In [115], the variation in the permittivity was explained due to
the decreased Tg of the modified sample. All measurements were conducted at 25 °C,
while Tg of the 45 % sample was well below room temperature. The decrease in Tg was
attributed to the increased free volume in the system associated with the increased per-
centage of the modifier. In addition, Liu et al [115] found that the introduction of 5 %
of the epoxide groups from the reactive network modifier would increase the breakdown
strength by about 5 % compared to the unmodified reference [115]. It was suggested
that the introduction of the alkyl reactive modifier has altered the network structure,
by introducing branches into the ER network, which are assumed to alter the electrical
performance of the modified systems. While it may be argued that the improvement in
the breakdown strength of about 5 % is marginal, it has been shown that comparable
improvement in the electrical properties have been translated into significant advantage
under technologically relevant electric fields [116, 117].

From the above discussion it can be seen that the introduction of epoxy based reac-
tive network modifiers alters the mechanical properties and reduces the glass transition
temperature of the epoxy resin system. There has been no detailed investigation on
the impact of the reactive modifiers on the breakdown strength of epoxy resins systems
and the mechanism behind the unusual behaviour of the modified materials. Recent
work suggests that the introduction of epoxy based reactive modifiers, even when no
electroactive character is present in their chemical structure can enhance the electrical
properties of the modified system. It would be interesting to investigate the ability of
epoxy based reactive modifier to function as voltage stabilisers for epoxy resins as a
mean for designing the epoxy resin materials to suit particular applications.

2.4 The Concept of Voltage Stabilisers

Voltage stabilisers are additives which are used to enhance the electrical properties of
polymer based high voltage insulators [118]. Perhaps the first time the term voltage
stabiliser was used in the mid 1960s by Simplex Wire & Cable Company. They have
patented a chemical agent featuring an aromatic structure, with the claim it would re-
duce the occurrence of electrical faults in cable insulations. A further investigation on
voltage stabilisers was conducted later on by Ashcraft et al [119]. The authors explained
that the voltage stabilising mechanism of a material depends on its ability to give and/or
receive electrons, which they referred to as donor-accepter functionality. Ashcraft et al
[119] also suggested that the stabilising e�ciency is associated with the ionisation energy
of the material. Although the concept of voltage stabilisers seemed to be promising at
that time, voltage stabilisers were not applied in commercial cables at that time. This is
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because the synthesised voltage stabilisers were soluble additives which are added at an
early stage of the manufacturing into the polymeric insulator. After high temperature
cross linking and degassing, the added voltage stabiliser would react with radicals, which
results in a loss of their donor-accepter functionality [120]. To overcome this limitation,
in 2004 Martinotto et al [118], synthesised benzophenone based voltage stabilisers, based
on the positive e�ect of alkyl chains on the electrical properties of polyolefin reported
previously by Takahashi et al in [121]. The voltage stabilisers manufactured by Mar-
tinotto et al [118] are benzophenone compounds that contains an alkyl chain attached
to the phenyl ring of the benzophenone. Martinotto et al [118] suggested that the alkyl
chain may comprise of a di�erent number of CH2 groups (di�erent length) and these
chains could be attached to the phenyl ring of benzophenone compound directly and/or
through multiple oxygen bridges. The voltage stabilisers produced by Martinotto et al
[118] were proved to be capable of retaining their functionality after cross linking and
degassing. The voltage stabilisers patented by Martinotto et al [118] have taken the
field voltage stabilising addetives to a new level, where most of the voltage stabilisers
produced afterwards were based on the concept developed by Martinotto et al in [118].

In an attempt to increase the e�ciency of voltage stabilisers additives used in cross
linked polyethylene XLPE, Englund et al [122] tested a set of voltage stabilisers that
comprises of an alkyl chain (C8H17) linked to benzophenone derivatives. Englund et
al [122] found that the addition of low amounts of the stabiliser (about 0.76 wt%) to
cross linked polyethylene would increase the resistance of XLPE to electrical treeing by
about 18.4 %, compared to that of neat XLPE. Englund et al [122] concluded that the
presence of the aromatic structures in the benzophenone derivatives are the main factor
influencing the e�ciency of the tested additives. This conclusion was further investigated
in [123], where Englund et al studied the e�ect of the number of the aromatic rings in
the chemical structure of the voltage stabiliser on the e�ciency of the voltage stabilisers.
The voltage stabilisers used comprised of two, three and four aromatic rings within their
chemical structure, where an alkyl chain (C8H17) was attached to the phenyl ring either
through oxygen or via a nitrogen bond. The results of Englund et al [123] indicated a
rise of up to 50 % in the electric tree inception field of XLPE at a voltage stabilisers
loading of 0.4 wt%.

More recently, Jarvid [120] studied the e�ect of benzil-based voltage stabilisers on the
inception voltage of electrical treeing in XLPE. The tested voltage stabilisers were also
based on the concept of Martinotto et al [118], where the synthesised stabilisers contained
a compound featured an aromatic structure (benzil derivatives) and varied length of
alkyl chains. These alkyl chains were connected to the phenyl ring of the benzil group
through amine, ester and ether groups. Jarvid [120] concluded that amine based voltage
stabilisers were considered as the most e�ective compounds tested, as these additives
suggested to indicate the highest measured increase in the inception voltage of electrical
treeing in the tested XLPE systems. These findings support the results reported by
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Englund et al [123], where amine containing voltage stabilisers were suggested to be the
most e�cient additives. In addition, Jarvid et al [124] showed that an increase of up
to 70 % in the dielectric strength of XLPE can be achieved using benzil based voltage
stabilisers that contains methyl group bonded to the core phenyl through tertiary amine
or ester.

An explanation for the mechanism of voltage stabilising of aromatic based voltage sta-
bilisers was discussed by Jarvid et al [120] and recently in [125]. It was suggested that the
voltage stabilising e�ect of the additives discussed above is based on either the reduction
in ionisation potential (di�erence in the ionisation potential between the additives and
the host polymer) or the high electron a�nity of the added voltage stabilisers.

The evolution of voltage stabilisers from the first introduced unstable agents in mid
1960s to agents with reported 70 wt% increase in dielectric strength was achieved by
developing understanding of the e�ect of functional groups. The presence of functional
groups such as alkyl chains and aromatic groups promoted the positive e�ect of voltage
stabilisers and increased their e�ciency. Since the functional groups of the reactive
epoxy based modifiers (FNMs) may feature chemical structure similar to that of the
voltage stabilisers (such as the alkyl chains and aromatic rings), it is possible to utilise
these functional groups which were reported to have positive e�ect on the dielectric
properties while attached to other agents such as in the voltage stabiliser case discussed
above. The concept of voltage stabilisers reported here will be used in explaining the
impact of the functional groups of the FNM on the electrical breakdown strength of the
modified systems discussed in sections 6.1.5 and 6.2.5 of chapter 6.

2.5 Summary

Epoxy resins have been used in several applications. The performance of these appli-
cation is governed by the e�ciency of their insulating material. The curing process of
ER occur through chemical reactions between the epoxide groups of the resin and the
active molecule of the hardener. The process is more complicated when anhydride hard-
eners are used, where the curing process involves anhydride initiation, esterification and
possible etherification reactions.

Two main approached are reported to alter the thermal, electrical and mechanical prop-
erties of epoxy resin systems, which are namely, fillers and modifiers. Nano and micro
sized fillers are widely explored technology for modifying the properties of epoxy resins.
A large number of studies have presented the beneficial e�ects of introducing fillers to
ER. However, there are several factors such as the filler size, type and dispersion which
may negatively a�ect the behaviour of resin composite. Contradictions were reported in
literature regarding the beneficial e�ect of some types of fillers. Nanotechnology have
been used to improve the properties of polymeric materials for decades. Nanocomposite
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based improvement methods, using nano and micro fillers, are pushed to the limited,
where even if the technology is promising, the technical process involved is becoming
complicated.

As an alternative method to the use of fillers is to employ network modifiers. Additive
modifiers have been used, mainly, to later the viscosity of epoxy resin systems. There are
di�erent types of resin modifiers including, reactive and non-reactive network modifiers.
Epoxy-based network modifiers can alter the thermal and mechanical properties of the
resins. Researches of the influence of epoxy based reactive modifiers on the electrical
properties of epoxy resins are not well studied. Only few studies of the e�ect of epoxy
based network modifiers on the electrical properties of the final material and in all of
these studies the FNMs were treated as fillers without taking into account the ability of
the FNM to react/consume the hardener through their epoxide groups i.e. change the
stoichometry. The stoichiometric ratio is an important factor in designing the network
structure using FNM, as it alters the network structure and the retained functional
groups, which a�ect the properties of the material. By studying the e�ect of the FNM on
the network structure on the epoxy resin, altering the architecture of the resin structure
might be possible. This can be achieved by adapting the behaviour of some functional
groups reported in literature such as the functional groups of voltage stabiliser.



Chapter 3

Material Processing and Samples Preparation

3.1 Introduction

Engineering a novel insulating material requires an understanding of the current tech-
nology. This will aid in achieving the objectives of the research and allow us to gauge the
applicability of the results. The properties of the epoxy resin network are a�ected by the
curing mechanisms. Epoxy resin systems cured using amine and anhydride hardeners
have significantly di�erent thermal, electrical and mechanical properties. The di�erence
in the behaviour of amine and anhydride cured system is associated with the variation in
the curing mechanisms related to each system, where the final cross-liked network would
also change accordingly. Therefore, it is importance to study the e�ect of modifying the
structure of cured resins using both amine and anhydride hardeners. The aim of this
chapter is to introduce the basic materials (resin, FNMs and hardeners) used in this
project in addition to the preparation methods utilised to manufacture the investigated
samples.

3.2 Basic Materials

The basic material used in this research is a diglycidyl ether of bisphenol DGEBA based
epoxy resin DER 332 supplied by Sigma Aldrich. The epoxide equivalent weight of the
DER 332 is 172 - 176 g mol≠1, while the value of n= 0.026. The molecular structure of
DER 332 features two terminal epoxide groups, one at each end of the chain, as shown
in Figure 3.1.

The resin was cured using two hardeners: one amine based and one anhydride based
hardener. The amine hardener used in this work is a polyetheramine material, obtained
from Huntsman, which is commercially referred to as Je�amine D-230. The chemical
structure of Je�amin is shown in Figure 3.2a. The amine hydrogen equivalent weight of
Je�amine is 60 g mol≠1. The anhydride hardener used is methyltetrahydrophthalic an-
hydride material, also supplied by Huntsman, with the commercial name Aradur HY925.
The chemical structure of the anhydride hardener is shown in Figure 3.2b.

In addition to the resin and the hardeners, a third material is added to alter the structure
of the epoxy system, which is the functional network modifier. The FNM used here are
epoxy based modifiers, which can contribute in the curing process through their reactive
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epoxide groups. The selection process of the FNM was based on several factors, such as
the safety of the material, chemical composition, physical properties and tracked history
in reviewed literature. The details of the selection process of the FNM used in this work
is discussed in Appendix A.

Based on the FNM selection process, five di�erent compounds were selected as the
potential FNM to cover the applicable range of chemical groups. These potential FNM
materials are:

• Glycidyl hexadecyl ether (GHE), which represents long chain alkyl functional
groups.

• Glycidyl 4-nonylphenyl ether (GNPE), shows the e�ect of materials with aromatic
structure.

• Trimethylolpropane triglycidyl ether (TTE), to demonstrate the e�ect of multiple
terminal epoxide groups.

• Glycidyl polyhedral oligomeric silsesquioxane (GPOSS), to illustrate the impact
of materials with POSS molecules.

• 1,2-Epoxycyclododecane (ECD), to show the impact of cyclic groups.

The chemical structure of FNM used in this thesis are presented in Figure 3.3, while
the EEW, number of epoxide groups per molecule and the suppliers, are listed in Ta-
ble 3.1. After the selection process, the five materials were used to alter the struc-
ture of amine and anhydride cured epoxy resins. The manufactured samples were then
characterised using the di�erent techniques (FTIR, DSC, dielectric spectroscopy, AC
breakdown strength and DC conductivity described in chapter 4). The e�ect of ECD
functional network modifier on the permittivity, the glass transition temperature, the
conductivity and the AC breakdown strength of modified epoxy resin systems is reported
in Appendix A section A.2.The data indicates that the cyclic groups introduced by the
inclusion of ECD have no e�ect on the electrical properties of the modified system, con-
sequently ECD modified systems were excluded. Therefore, this work will demonstrate
the e�ect of modifying the structure of amine and anhydride cured resins using FNM
containing alkyl, aromatic, POSS and multi-terminal epoxide groups.

3.3 Stoichiometric Formulation

The chemical structure of the amine hardener (Je�amine) and the anhydride hardener
(Aradur HY925) are presented in Figure 3.2. From the figure, it can be seen that the
Je�amine features two primary amine groups within its chemical composition, each sec-
ondary amine group can react with one epoxide group in the system, as was explained in
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Figure 3.1: The chemical structure of a diglycidyl ether of bisphenol DGEBA
based epoxy resin DER 332.

Figure 3.2: The chemical structure of the hardeners used in this thesis where (a)
is the structure of a polyetheramine (Je�amine D230, amine hardener) and (b)
is methyltetrahydrophthalic anhydride (Aradur HY925, anhydride hardener)

Table 3.1: Key parameter of the functional network modifiers

FNM Name
Code

EEW
(g.mol≠1)

Epoxy
groups Supplier

Glycidyl hexadecyl ether GHE 298.50 1 Sigma
Aldrich

Glycidyl 4-Nonylphenyl ether GNPE 276.41 1 Sigma
Aldrich

Trimethylolpropane triglycidyl ether TTE 100.79 3 Sigma
Aldrich

Glycidyl polyhedral oligomeric silsesquioxane GPOSS 167.23 8 Hybrid
Plastics

1,2-Epoxycyclododecane ECD 182.30 1 Sigma
Aldrich

the epoxy curing mechanisms section in chapter 2. Similarly after opening the anhydride
ring and the formation of a carboxylic group, the intermediate compound, reacts with
one epoxide group present in the system. Therefore, in both the amine and anhydride
cured systems, there must be one epoxide group for each active group of the hardener.
In the case of the neat (reference) samples, the only source of the epoxide groups is the
DER 332 resin (which contains two terminal epoxide groups). Whereas, in the FNM
modified systems, in addition to the epoxide groups of the resin, one or more epoxide
groups are supplied by the functional network modifier. Therefore, to ensure that the
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(a) Glycidyl hexadecyl ether (GHE)

(b) Glycidyl 4-nonylphenyl ether (GNPE)

(c) Trimethylolpropane triglycidyl ether (TTE) (d) 1,2-EpoxyCycloDodecane (ECD)

(e) Glycidyl polyhedral oligomeric silsesquioxane (GPOSS)

Figure 3.3: The chemical structure of the functional network modifiers.
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number of epoxide groups (supplied by both the resin and the FNM) equals to the num-
ber of active groups of the hardener, the stoichiometric ratio of the samples has been
calculated as follows:

• If the molar mass of DER 332 resins is Me and the required resin mass is me, then
the number of mols of epoxide from the resin Ne can be calculated by using 3.1.

Ne = me/Me (3.1)

• If the molar mass of the functional network modifier is Mr and the required FNM
mass is mr, then the number of mols of epoxide from the FNM Nr can be calculated
by using 3.2.

Nr = mr/Mr (3.2)

• The total number of mols of epoxide groups is 3.3.

Nt = Ne + Nr (3.3)

• The hardener with amine or anhydride molar mass of Mh has total number of
moles of active groups Nh. For complete reaction, theoretically, all active groups
from the hardener must react with all epoxide groups in the system i.e. Nh equals
Nt. Then the required mass of hardener is calculated by using 3.4

mh = Mh ú Nt (3.4)

3.4 Sample Preparation

The DER 332 has relatively high viscosity at room temperature (4000 mPa.s - 6000 mPa.s),
therefore, it was recommended by the manufacturer to preheat the resin at 50 °C for at
least one hour to reduce its viscosity. Thus, the first step to manufacture the samples
was to preheat the resin. Then, the required mass of resin, modifier and hardener was
weighed out, as calculated based on the method explained in the previous section. The
resin and functional network modifiers were first mixed together using a magnetic stirrer.
After 5 min of mixing, the hardener was added and mixing was continued for another
5 min, before the resultant mixture was degassed and cast into steel moulds. Finally,
the mould was placed in a fan oven, where the sample was left to cure at specific curing
regime according to the type of the hardener used to cure the system, where:

• The amine systems were cured at 80 °C for 2 h, then post-cured at 125 °C for 3 h,
based on previous study [126].
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• The anhydride hardened systems were cured, initially at 90 °C for 2 h, then at
150 °C for 4 h, as recommended by the manufacturer.

The produced samples, nominally 200 µm in thickness, were stored in vacuum (at about
1100 mbar) until use.

3.5 Sample Coding

The di�erent formulation of samples were referred to according to Equation 3.5.

X(a)FNM (3.5)

where X represents the molar percentage of epoxide groups in the system, which was de-
rived from the relative FNM, the letter (a) signifies anhydride curing and FNM indicates
the appropriate modifier. For example, 30AGHE is an anhydride cured resin, which has
been modified by using 30 % of the epoxide groups from the GHE, while 30GHE code
refers to amine cured systems with 30 % of the epoxide groups were supplied by the
GHE modifier.
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Characterization and Experimental Techniques

To characterise and study the chemical, thermal, and electrical properties of the manu-
factured samples, six di�erent techniques were used. These methods and techniques are,
namely, fourier-transform infrared spectroscopy (FTIR), di�erential scanning calorime-
try (DSC), dielectric spectroscopy, AC breakdown test, rheology test and DC conduc-
tivity. This chapter is set out to describe the experimental techniques used in this study,
where the theory and data analyse are discussed.

4.1 Fourier-Transform Infrared Spectroscopy (FTIR)

4.1.1 FTIR Measurements Settings

FTIR spectroscopy is a technique used to characterise the chemical composition of a
material by utilising the infrared part of the electromagnetic radiation. The concept
of the infrared spectrometer is based on the change in dipole moment of the molecule
which allows the material to become active in the infrared IR range, i.e the molecules
in the system absorb a fraction of the incident IR beam [127]. The IR absorbance
take place at specific characteristic frequencies. Thus, determination of the frequency
of absorbance allows obtaining information about the molecule structure. In FTIR
spectroscopy, the IR beam is subjected to a beam splitter which permits the generation
of two identical beams. The two beams are then reflected through stationary and moving
mirrors, where the aim of using the moving mirror is to generate a di�erence in the path
length of the beams. Then the two beams are combined to yield an interferogram. The
interferogram signal is passed through the sample and then collected by the detector. A
time domain is generated for the signal by the detector, which was absorbed (reduced
in intensity) by passing through the sample. Finally, Fourier transformation is used to
decode the information to produce the spectra. The method used in this study is based
on Attenuated Total Reflectance ATR-FTIR. In this approach, instead of using a beam
splitter to divide the beam, an internal reflection element (a crystal) is used to apply
the internal reflection phenomena. This means that the IR beam is passed through the
crystal at an angle. The crystal is placed in contact with the sample of interest. The
beam reflected from the internal surface of the crystal is directed to the detector.

In this work, ATR-FTIR iD7 Nicolet iS5 from Thermo-Scientific was used to obtain
the FTIR spectra of the samples in transmission mode. A background check is first
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conducted, which is then subtracted from the spectra of the sample.The aim of obtaining
the FTIR spectrum is to assess the presence of the functional network modifier in the
final system, i.e to ensure that the FNM have reacted with resin/hardener and survived
the high temperature curing and post curing processes to become part of the final epoxy
resin system.

4.1.2 FTIR Data Analysis

The OMNIC software package was used to collect the FTIR spectra. The collected data
were normalised using, standard normal variate (SNV) method. The main reason for
selecting the SNV method, is due to the fact that the ideal spectra for the modified
systems is unknown, where the SNV can be used as a reference independent technique.
Other methods which are frequently used for spectra normalisation, such as the internal
standard method, require a non-changing peak available in all the samples to be used
as a reference to track the variation in the absorbance [128]. In the case of the FNM
modified systems, the presence of the FNM, reaction of the FNM with the hardener, the
FNM loading (1 % to 30 %), and the removal of the epoxide groups after the inclusion
of the FNM, are all factors that ensures variation in an FTIR absorbance peaks for the
associated groups. This means that selecting a single reference peak associated with
a certain chemical group, which feature the same absorbance peak in all the samples
(neat and samples modified with 1 % to 30 % FNM) is not possible. Therefore, the use
of methods based on internal reference peak (a peak that is common between all the
samples) is not a feasible approach.

In the SNV method, the spectrum is subtracted from the average value and divided by
the standard deviation. Equation 4.1 is the formula used in the SNV method, where xorg

is the raw data, a0 is the mean value of the spectrum and a1 is the standard deviation.
The SNV method removes the variations in the spectra associated with the thickness
e�ect and the baseline curvature. Figure 4.1 shows a comparison between the raw data
and the SNV normalised spectra.

Xcorr = xorg ≠ a0
a1

(4.1)

4.2 Glass Transition Temperature (DSC)

4.2.1 DSC Measurements Settings

Di�erential scanning calorimetry technique was used to, mainly, study the glass transi-
tion temperature of the manufactured samples. The principle of operation of the DSC
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(a) Raw data (b) SNV normalized spectra.

Figure 4.1: SNV normalisation of FTIR spectra for neat and modified samples

is based on measuring the di�erence in the heat flow through two materials, one of them
has known thermal properties [129]. In the present work, a Perkin-Elmer DSC7 was used
to measure the Tg of the samples. A mass of about 10 mg of a sample was weighted
out and placed in an aluminium can, which was sealed and placed inside the equipment.
Before placing the sample in the DSC, the device was calibrated. Standard calibration
procedure was used each time before conducting the experiment. A reference material,
which is a high purity indium with mass of about 4.5 mg and melting temperature of
156.6 °C is placed on one side of the DSC7 and an empty can on the other. A heating
rate of 10 °C/min was applied for the calibration, which was later used for character-
ising the samples. After calibration, the indium is replaced by the sealed sample and
the behaviour of the heat flow through the sample was recorded. Both the calibration
and the experiments were conducted under nitrogen atmosphere to enhance heating/-
cooling capabilities, avoid condensation at low temperatures and prevent oxidisation
in high temperature measurements. Each sample was characterised using two heating
scans with the same heating rate (10 °C/min), with the aim of the first scan to heat the
sample above its Tg to remove the thermal history (e�ect of previous heating/cooling
rate on the Tg of the material). Removing the thermal history for the samples ensure
reproducible thermal characteristics.

4.2.2 DSC Data Analysis

The glass transition temperature (Tg) is defined as the range of temperatures where the
segmental motion of a polymeric chain become active, which was limited to vibrational
motion below the Tg. It can also be defined as the temperatures at which the material
phase transforms from a glassy state (noncrystalline, rigid and mechanically solid) to
a rubbery state [130]. The glass transition temperature is important, as it defines the
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thermal operation limit of the epoxy based material and its application. The glass
transition temperature can be determined using the heat flow through the material
measured by DSC, and can also be seen in the dielectric relaxation of the material.
Since the Tg is a thermo-dynamic transition, a heat capacity jump take place around
the glass transition temperature in the heat flow data. There are several methods, which
can be used to calculate the Tg from the temperature scan data obtained by the DSC,
the most commonly used techniques to find the value of Tg are:

• Half-height of the heat capacity method. In this technique, the value of the Tg is
defined as the middle point at the heat capacity jump in the temperature scan.

• Inflection point method. In this approach, the Tg is the determined by the peak
point in the derivative of the temperature scan.

• The Tg may be defined as the average value of the range of temperatures along
the heat capacity jump in the DSC data.

All these methods are valid but might produce slightly di�erent values. In this work, the
value of the glass transition temperature was determined by using the inflection point
method. The inflection point method was selected because the Tg corresponds to the
peak of the first derivative of the temperature scan data, while other parameters such as
the width of the glass transition process (which is sample dependent) has limited impact
on the Tg.

4.3 Dielectric Spectroscopy

The dielectric spectroscopy (DS) of the material represents a powerful method for mon-
itoring dipole movement and molecular chain behaviour. The dielectric response can
be measured as a function of time, frequency and/or temperature. Therefore, dielectric
spectroscopy can be used to observe a wide range of the dynamic properties of the ma-
terial [129]. The dielectric spectra are a measure of the interaction between the applied
electric field and material’s dipole moment, which is usually expressed as the complex
permittivity. The measured permittivity is a complex term with real part (in phase
with the electric field) and imaginary part (90° lagging the electric field) which can be
expressed by Equation 4.2.

Áú = ÁÕ ≠ jÁÕÕ (4.2)

The term ÁÕ is the real part of the complex permittivity which represents the energy
storage, and is usually known as the relative permittivity of the material. The imaginary
ÁÕÕ part of the complex permittivity characterises the energy losses in the dielectric
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material. In addition to the real and imaginary parts of complex permittivity, the loss
tangent tan(”), is derived from the two parts of the complex permittivity, which is also
known as dissipation factor, as can be expressed according to Equation 4.3.

tan(”) = ÁÕÕ

ÁÕ (4.3)

The dipole movement depends on the frequency of the external electric field. The di-
electric spectroscopy measurements of an epoxy resin system may allow observing three
di�erent types of relaxation processes, namely, –, — and “ relaxations. The behaviour
and molecular origin of the –, — and “ relaxations will be discussed in details through
out the dielectric spectroscopy sections in each chapter of this thesis.

4.3.1 Room Temperature Measurements

In this work, the dielectric response of the samples was measured using SI 1260 impedance
/ gain-phase analyser and 1296 Solartron Dielectric Interface combined with a test cell.
An equivalent circuit diagram of the experimental setup is shown in 4.2, while the equa-
tions associated with the setup which were used to calculate the impedance (Zú

s(w)) of
the samples are presented in equations 4.4 to 4.6. The dielectric measurements were
conducted at room temperature using parallel electrodes with 30 mm diameter, which
incorporates a guard ring. The studied samples were with 200 µm thickness. In order
to improve the contact between the sample and the electrode, the samples were gold
coated. An EMITECH K550X coater was used to sputter 30 mm diameter gold elec-
trodes on two opposing surface of each sample. The deposition current was set at 25 mA
for 3 min, which generated a gold layer with resistance about 10 � [131]. Samples di-
mensions are measured manually and entered in software package called SMART. The
experimental setup was programmed to collect the dielectric response for frequencies
ranging from 10≠1 Hz to 106 Hz. The applied AC signal have an amplitude of 1 Vrms,
which was found to produce low experimental noise. Before conducting the experiment,
the equipment was left to warm up for about 60 min and a reference sample of fused
silica was used to ensure that the equipment is running within the accuracy of <0.2 %.
The value of the equipment accuracy was established using the impedance chart of the
Solartron, obtained from the device data-sheet provided by the manufacturer.

Is = V2(w)
R

(4.4)

w = 2fi ú f (4.5)
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Figure 4.2: Equivalent circuit diagram of the dielectric spectroscopy setup.

Áú(w) = ≠i

wZú(w)C0
(4.6)

4.3.2 Temperature Dependent Measurements

In addition to the room temperature measurements, a cryostat test cell was connected
to the SI 1260 impedance/gain-phase analyser via the 1296 Solartron Dielectric Inter-
face to study the temperature dependent behaviour of the samples. The Janis-Research
STVP-200-XG cryostat test cell includes a sample holder which is kept in a chamber
with controlled temperature and pressure. The chamber’s wall consists of two layers,
the inner layer acts as a temperature exchanger area, cooled through liquid nitrogen.
The temperature of the chamber is controlled through thermal radiation. In addition,
two thermocouples are located inside the chamber at the sample mount. These thermo-
couples are used to maintain the temperature inside the chamber within the set values.
Usually the chamber is filled with helium gas for measurements below 20 °C to prevent
condensation of air. The measurements in this work was conducted for temperatures
between -160 °C and 200 °C.

4.3.3 Dielectric Spectroscopy Data Analysis

The frequency-dependent dielectric susceptibility of materials at a given temperature,
T (in kelvin), can be described by the product of a real amplitude factor and a complex
shape function, with the imaginary (loss) component X ÕÕ(Ê,T) being given [132] by
Equation 4.7.

X ÕÕ(Ê, T ) = X(0, T )F [ Ê

ÊP (T ) ] (4.7)
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In the above Equation 4.7, X(0, T ) is the susceptibility amplitude factor, F ( Ê
ÊP (T )) is

the frequency-dependent imaginary component shape function with w being the an-
gular frequency (2fif) and wp(T ) the temperature dependent characteristic relaxation
frequency (which corresponds to the frequency of the peak in the imaginary response
component). Because the frequency appears in the shape function relative to the charac-
teristic relaxation frequency, the time-temperature superposition principle can be used
to normalise the dielectric data and facilitate the calculation of activation energy values
of the di�erent relaxation processes. In this method, the real and imaginary parts of
the complex permittivity were first plotted using a log-log representation, with temper-
ature as a parameter. A convenient reference point (X) on the frequency axis was then
selected on a reference plot at a chosen temperature. Then, the frequency spectra of
the next temperature is brought into alignment with the reference plot and the new
coordinates corresponding to the point X are marked. This procedure is repeated for all
the temperature plots, where the position of X is recorded for each temperature. The
outcome is a master curve of the imaginary component of the susceptibility, where the
frequency is scaled relative to wp(T ) and the shift in position of X along the frequency
axis, known as the translation or shift factor, given by Equation 4.8, where Tr is the
chosen reference temperature.

logwp(Tr)/wp(T ) (4.8)

This is used to determine the temperature dependence of the characteristic relaxation
frequency without having to identify a feature of the loss functions such as a peak,
which may be very di�cult for peaks with a broad frequency dependence. A similar
procedure using the amplitude axis can be used to obtain the temperature dependence
of the amplitude factor w(0, T ). The values obtained for Equation 4.9, are plotted
against 1/T , and the final shape of the graph is then assessed to check its compliance
with Arrhenius behaviour. Finally, the Arrhenius Equation 4.10:

wp(T )/wp(Tr) (4.9)

wp(T ) = v0exp(≠Ea/kT ) (4.10)

where Ea is the activation energy, v0 is the Arrhenius frequency factor and k is the
Boltzmann constant, is used to determine the activation energy of any characteristic
active process.
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4.4 AC Breakdown Strength

4.4.1 Breakdown Measurements Settings

The AC breakdown (ACBD) test is a measure of the withstand voltage of an insulating
material. The breakdown strength voltage is the potential di�erence which generates
enough electric stress to cause dielectric failure in the insulating material. In this work,
the breakdown strength of the epoxy resin was measured by applying an increasing am-
plitude of an AC voltage at 500 V/s rate of rise at constant frequency of 50 Hz. The
ACBD strength was measured using Phenix Type 600C according to the ASTM D149-87
standard. The test cell has two steel spherical shaped ball bearing electrodes, each have
a diameter of 6.32 mm. The electrodes were placed opposite to each other and held
horizontally, immersed in silicon oil, to prevent surface flashover throughout the exper-
iment. These electrodes were changed every 10 tests to prevent pitting from e�ecting
the measurements.

4.4.2 Breakdown Data Analysis

Since the breakdown phenomenon is statistically distributed by nature, where there is
no single value represents the breakdown strength of a test. The data obtained from the
breakdown test require analysis using statistical distribution function. Weibull distribu-
tion is often used to provide an in depth analysis of the breakdown data. The Weibull
probability distribution function can be mathematically expressed by Equation 4.11
[133].

F (E, ÷, —) = 1 ≠ e≠( E
÷ )—

(4.11)

where E is the electric field, ÷ is the scale parameter and — is the shape parameter.
F (E, ÷, —) is the cumulative probability of failure at E, identified by using two parameter
(scale and shape), assuming the location parameter to be zero, hence referred to as two
parameter Weibull distribution. The Weibull distribution is commonly used with 90 %
or 95 % confidence bounds [134]. The scale parameter ÷ related to value of the field
where the probability of failure is 1 ≠ e≠1 or 63.2 %, where the parameter — describes
the shape of the breakdown strength data. As the description of the data using values
is quite complicated, the breakdown strength data are usually visualised by plotting the
Weibull distribution data after reformatting Equation 4.11 as expressed in Equation 4.12

logÁ≠ln(1 ≠ F (E))Ë = —log(E) ≠ —log(÷) (4.12)
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Generally, Bernard’s approximation 4.13 is applied to the data obtained from the cumu-
lative probability for approximation, where n the total number of breakdown tests and
i is the rank of each data point [133].

F (Ei) = i ≠ 0.3
n + 0.4 (4.13)

where i is the order of the breakdown field sorted in an ascending order, and n is the
number of tests performed. The breakdown strength data analysed used two parameter
Weibull distribution with 90% confidence bounds, where the confidence bounds provide
more accurate description for the probability of material breakdown.

4.5 Viscosity Measurements

A rheometer with a cylindrical cup was used to measure the viscosity of the epoxy resin
samples in the liquid phase. To check that the equipment is running correctly, the test
was first conducted for a material with a known viscosity. Then, the FNM was weighted
out, where the total mass of the component was calculated and kept at 20 ml. Next,
the FNM was added to the resin, both mixed for 5 min using a magnetic stirrer before
adding the hardener. After another 5 min of mixing, the three element mixture was
poured into the sample holder cell of the rotational viscometer. The measurements were
conducted at room temperature using a Reholab MC 1 rheometer. The rotation was first
set to ramp from 1 to 20 Pa, then the rotation speed was kept constant for 20 s, after
that the speed was set to ramp down to zero according to standard ASTM D1084-16.

4.6 Electrical Conductivity

The conductivity of the materials were characterised using simple two-probe test meth-
ods. The coated samples were placed between two parallel electrodes fixed in horizontal
position, where the voltage was applied perpendicular to the plane of the samples. An
equivalent circuit diagram of the DC conductivity experiment set up is shown in Figure
4.3.

The electrodes were two aluminium disks, 50 mm in diameter, connected to a constant
DC power supply. The samples holder incorporates a guard ring. A Keithley 485
current meter was connected in series with the sample. In addition, in case of sample
failure to ensure that the applied current does not exceed the maximum limit of the
current meter, protection resistor (90 M�) is connected to maintain the current below
20 mA. An electric field of 40 kV/mm was applied to measure the conductivity of the
samples. All the measurements were time dependent and were conducted according to
the standard ASTM D257-07 at room temperature.
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Figure 4.3: Equivalent circuit diagram of the conductivity experiment setup.



Chapter 5

Investigation of the FNM loading on the stoichiometric ratio of epoxy
resins and their dielectric properties

Generally, the properties of an epoxy resin system are governed by the structure of its
amorphous network. In this research, the network structure of epoxy resin systems was
varied by introducing functional modifiers, which can contribute to the curing process
and become part of the resin network through their epoxide groups. This chapter,
investigates the e�ect of the stoichiometric ratio of FNM modified epoxy resins on the
dielectric properties. Subsequently, an FNM was introduced into a simple amine cured
epoxy resin system by using two methods. In the first approach, the FNM was added by
considering and precisely calculating the number of the epoxide groups being supplied
by the FNM, where the equivalent number of epoxide groups provided by the resin
are removed, ensuring the same number of epoxide groups present in the system after
the addition of the FNM. The samples were manufactured with di�erent loading of
epoxide groups supplied by the GPOSS (1 EG%, 4 EG%, 10 EG% and 30 EG%). The
stoichiometric ratio of these samples were calculated such that each active group from
the hardener would react with one epoxide group available in the system (supplied by
either the resin or the GPOSS).

In the second approach for studying the influence of the stoichiometry of FNM, the
GPOSS was added by weight percent (1 wt%, 4 wt%, 10 wt% and 30 wt%) without
changing the stoichiometry of the resin system. In this method, the samples were modi-
fied with GPOSS where the reactive epoxide groups of the GPOSS were not included in
the stoichiometric calculation of the samples. The system with epoxide groups replaced
with reactive parts of the GPOSS are referred to as epoxide compensated systems, while
the samples with GPOSS added without changing the stoichiometry of the system are
called epoxide uncompensated systems.

The epoxide compensated systems are referred to as xEG% GPOSS, where x is the
number of epoxide groups supplied by the GPOSS. The epoxide uncompensated systems
are referred to as xwt% GPOSS, where x is the weight precent of the GPOSS.

Testing the hypothesis, which states that the e�ect of the functional network modifiers
on the di�erent properties relies on the calculation of the reactive moieties, which con-
tribute to the chemical curing reactions. The chemical composition for both epoxide
compensated and uncompensated systems was investigated using FTIR spectroscopy.
Then, the influence of the stoichiometry on the glass transition temperature was estab-
lished. The AC breakdown strength of the two systems of interest were discussed. The
results of the dielectric spectroscopy of the epoxide compensated and uncompensated
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resins was evaluated. Finally, an investigation was conducted to test the hypothesis
regarding the appropriate number of the epoxide groups in the GPOSS.

5.1 FTIR Spectroscopy

The FTIR measurements were obtained to show the changes on the molecular level over
the accessible range from 4000 cm≠1 to 500 cm≠1. The FTIR spectra of interest for all
the samples are presented in Figure 5.1. In addition, a detailed comparison is presented
in the sections of Figure 5.2, while the complete FTIR spectra for all the systems are
shown in Figure C.1 in Appendix C. From Figure 5.1, it can be seen that the addition of
GPOSS resulted in variations in the absorbance levels of the modified systems compared
to the reference material. In these spectra, there are three main regions of particular
interest, which are around 3400 cm≠1, from 1140 cm≠1 to 1080 cm≠1 and from 970 cm≠1

to 915 cm≠1, which are associated with hydroxyl OH groups [135–137], Si-O-Si stretch
[111, 138–143] and epoxy group deformation [144–148].

In the curing process, epoxide groups from both the resin and the FNM react with pri-
mary/secondary amines of the hardener. This curing reactions generates an OH groups
and a secondary/tertiary amine group. After the addition of the GPOSS, the intensity
of the band associated with OH groups appears to be a�ected by the stoichiometric ratio
of the system. In the case of the compensated systems, the compensation of the epoxide
groups with similar groups from the resin resulted in an insignificant variation in the
extent of the band associated with OH groups, as shown in Figure 5.2(a). On the other
hand, in the case of the uncompensated system, the extent of the band related to OH
groups decreases as the loading of the GPOSS increases, as shown in Figure 5.2(b). This
decrease in OH contents might be associated with the reduced cross-linking reactions
between the epoxide groups and the hardener such that fewer OH groups are generated.

The spectral region from 1140 cm≠1 to 1080 cm≠1 is associated with the presence of
Si-O-Si groups, where the addition of GPOSS resulted in increased absorbance in the
region for both compensated and uncompensated systems as shown in Figure 5.2(c) to
Figure 5.2(f). Generally, the addition of the GPOSS resulted in inclusion of Si-O-Si
groups into the modified structures, which can be clearly seen from the associated FTIR
bands.

Figure 5.2(g) and Figure 5.2(h), show the spectral range for the epoxy hydrogen bonding
interacting region. The spectra of the systems with compensated stoichiometry showed
insignificant variation in the epoxide groups after the addition of GPOSS. While, the
introduction of GPOSS to the system without changing the stoichiometric ratio resulted
in an increase in the number of unreacted epoxide groups.
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Figure 5.1: FTIR spectra of reference and GPOSS modified systems with (a)
compensated stoichiometry, and (b) uncompensated stoichiometry.
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(a) Hydroxyl OH absorbance region for
GPOSS compensated systems

(b) Hydroxyl OH absorbance region for
GPOSS uncompensated systems

(c) Absorbance from 1600 cm≠1 to
1000 cm≠1 for GPOSS compensated

(d) Absorbance from 1600 cm≠1 to
1000 cm≠1 for GPOSS uncompensated

(e) Ether peaks for GPOSS compensated
systems

(f) Ether peaks for GPOSS uncompen-
sated systems

(g) Epoxy region for GPOSS compen-
sated systems

(h) Epoxy region for GPOSS uncompen-
sated systems

Figure 5.2: Main regions of the FTIR spectra for reference and GPOSS modified
systems.
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To sum up, the FTIR spectra of compensated systems indicated that the addition of the
GPOSS resulted in insignificant variation in both the hydroxyl groups and the epoxide
groups, in addition to an increase in the Si-O-Si absorbance band. In the case of the
uncompensated systems, the inclusion of the GPOSS resulted in producing a system
with high number of unreacted epoxide groups and low cross-link density indicated by
the reduced hydroxyl groups.

Table 5.1: Formulation of the reference and GPOSS modified systems.

Material System Resin (g) FNM (g) Hardener (g) FNM wt%1

Neat Epoxy 7.45 0.00 2.55 0
1 EG% 7.38 0.07 2.55 0.7
4 EG% 7.15 0.29 2.56 2.9
10 EG% 6.73 0.71 2.56 7.6
30 EG% 5.26 2.16 2.58 27.6
1 wt% 7.45 0.10 2.55 1
4 wt% 7.45 0.40 2.55 4
10 wt% 7.45 1.00 2.55 10
30 wt% 7.45 3.00 2.55 30
6GGPOSS 4.91 2.68 2.41 36.6
8GGPOSS 5.26 2.16 2.58 27.6
10GGPOSS 5.51 1.80 2.69 22
1 FNM wt% is calculated by considering the mass of the GPOSS with

respect to the total mass of polymer (resin mass and hardener mass).

5.2 Di�erential Scanning Calorimetry

The influence of the stoichiometric ratio on the glass transition temperature of the
GPOSS modified systems is recorded by means of DSC. Figure 5.3 presents the DSC
traces of epoxy resin systems modified by the addition of GPOSS, where in Figure D.5(a)
the reactive groups of the GPOSS were considered when calculating the theoretical
stoichiometric ratio of the sample, while in Figure D.5(b) the data obtained for the
samples where the GPOSS was added on top of the theoretical ratio of the reference
systems by weight percent. The di�erent formulations used to produce the reference and
GPOSS modified systems studied in this chapter are listed in Table 5.1. In addition,
the values of the Tg calculated by the inflection point of the DSC traces (the transition
point in the derivative of the heat flow curve) for both compensated and uncompensated
GPOSS modified systems are listed in Table 5.2. The DSC data indicates that the width
of the glass transition region is varied a�ected by the sample composition. Therefore, it
was necessary to calculate the width of the Tg of the compensated and uncompensated
systems, as presented in Table 5.2.

In the case of the compensates systems, it can be seen that the addition of 1%, 4%, 10%
and 30% of the epoxide groups from the GPOSS, resulted in decrease in Tg by about
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0.4 °C, 0.9 °C, 5.2 °C and 9.6 °C respectively, compared to the Tg of the neat epoxy.
While the addition of comparable weight percentages (1%, 4%, 10% and 30%) of the
GPOSS without chaining the stoichiometric ratio resulted in shifting Tg to lower values
by about 2.1 °C, 3.7 °C, 6.7 °C and 27.8 °C respectively, compared to Tg of the neat
epoxy.

The chemical structure of the GPOSS comprises of arm chains terminated with epoxide
groups radiating from a central core of polyhedral oligomeric silsesquioxane (POSS).
Therefore, the GPOSS contributes to the curing process through its epoxide groups,
where after the cross-linking, the GPOSS become integrated into the resin matrix. As
the epoxide groups of the GPOSS reacts, the non-reactive functional groups (POSS cage-
like structure) become retained within the system generating network nodes incorporated
into the molecular structure, which would consequently impact the network topology.

In the case of the compensated systems, the variation in the Tg resulted from the inclu-
sion of the GPOSS modifier may be associated with a number of factors. The first factor
could be the free volume in the system, where a significant amount of work has been
reported in the literature concerning the relationship between the Tg and the free volume
in the resin network [47, 100, 149, 150]. In the current study, the inclusion of the GPOSS
modifier resulted in forming a branched network structure, where the POSS functional
groups become retained within the network. These branches and nodes may have altered
the network topology and the associated free volume in the system. Therefore, it may
be suggested that the Tg of the modified systems may be related to the change in the
free volume in the system. However, Hao et al. [151] suggested that the presence of
POSS molecules in POSS-rich polymeric network would result in reduced free volume
in the networks, while Raftopoulos et al [152] concluded that POSS molecules influence
the Tg of the host polymer by performing as immobile units in the system rather than
introducing free volume. Therefore, it can be suggested that the variation in the Tg

reported here for the GPOSS modified systems may be influenced by factors other than
the free volume in the system. These findings are in good agreement with the behaviour
of the Tg reported for epoxy resin systems modified by the inclusion of di�erent POSS
based modifier (Triglycidylisobutyl-POSS (TGIB-POSS) [110], octaepoxy-POSS [111]
and octa(aminophenyl)silsesquioxane [153].

The data of the compensated systems presented in Table 5.2 indicates that systems
containing 1 % to 10 % of the epoxide groups from the GPOSS exhibited Tg comparable
to the Tg of the neat systems (up to 5 ±2 °C). However, the addition of 30 % of the
epoxide groups from the GPOSS resulted in a significant reduction in Tg (9.6 ± 2 °C).
For low GPOSS loading, Lee and Lichtenhan [154] reported improved Tg of modified
resin systems, which they associated with the presence of the cage-like structures of the
POSS, while Liu et al [143] suggested that the POSS molecules can improve the thermal
stability of the resin system by restricting the chain mobility. On the other hand, Heid
et al [109] suggested that high loadings of GPOSS (about 20 wt%) were reported to shift
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(a) DSC data for reference and GPOSS modified epoxide compensated systems.

(b) DSC data for reference and GPOSS modified epoxide uncompensated systems

Figure 5.3: DSC traces for reference and GPOSS modified systems.
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Table 5.2: DSC measurements for reference and GPOSS modified epoxy
systems..

Sample Compensated systems Uncompensated systems
Tg(°C) Width of Tg (°C) Tg(°C) Width of Tg (°C)

Reference 85.3 18 85.3 18
1% 84.9 19 83.2 21
4% 84.4 20 81.6 28
10% 80.1 22 78.6 41
30% 75.7 24 57.5 45

Error in Tg = ±2 °C

Tg to lower values (reduced by 7 °C). The reduction in the Tg noticed by Heid et al [109]
was explained by the high chain mobility resulted from the reduced cross-linking density
of the modified systems, where the inclusion of high loading of GPOSS suggested to
generate regions at which the POSS molecules may have reacted with each other which
resulted in the present of local crystalline regions. Similarly, Florea et al [155] proposed
that in a system with su�cient number of POSS molecules, POSS groups would interact
with each other forming localised agglomeration regions. From the above account, it is
possible to suggest that the variation in the Tg of the compensated systems may be
related to two competing processes, which are, namely, the e�ect of the POSS molecule
of the thermal behaviour of the material and the variation in the cross-linking density
caused by the interaction between the POSS molecules. At low GPOSS contents, the
e�ect of the POSS retained functional groups dominate; However, the inclusion of high
concentration of GPOSS promotes the probability of the interaction between its POSS
functional groups.

It should be pointed out that in producing the compensated systems, the addition of the
GPOSS modifier is combined by removal of the relative number epoxide groups from the
resin with their associated aromatic groups (as illustrated in Table 5.1). In a DGEBA
molecule there is about, one aromatic ring per epoxide group. According to Neville
and Lee [3], aromatic groups influence the glass transition temperature of the epoxy
resin, where systems with reduced aromatic contents are reported to have deteriorated
thermal behaviour. Bacosca et al. [156] suggested that the glass transition temperature
is related to the number of aromatic rings available in the system, while Ramirez et al
[111] explained that the presence of aromatic groups in the polymeric structure hinders
the segmental rotation motion during the glass transition process, which would shift Tg

to higher temperatures. From the above studies, it can be suggested that the aromatic
contents in the system is another factor that contributes to the variation in the glass
transition process reported here, where in the current study, compensating the epoxide
groups of the GPOSS resulted in indirectly removing the aromatic groups of the resin,
it can be proposed that the variation in the aromatic content of the modified systems
could have contributed to the notice change in Tg.
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In the case of the uncompensated systems, the DSC data suggests that Tg decreases with
increasing concentration of the GPOSS, where the glass transition process broadened
significantly for the uncompensated systems. For instance, by comparing the compen-
sated and uncompensated systems, the width of Tg for the 30 EG% and 30 wt% increased
by 6 °C and 27 °C, respectively. In the uncompensated systems, the curing process is
unbalanced, as the number of epoxide groups (being supplied by both the resin and the
GPSS) is larger than the number of reactive groups provided by the hardener. In this
inhomogeneous system and under standard curing condition, the curing reactions may
proceed until, ideally, all active groups of the hardener are reacted. As such there will
always be unreacted epoxide groups in these systems. The presence of unreacted epoxide
groups can be evident from the FTIR spectra, as shown in Figure 5.2(h). Where the
rising peak at 915 cm≠1 is associated with the presence of the epoxide groups in the
material, as it was discussed in the previous section. These unreacted epoxide groups
will be present in the form of chain ends. Consequently, this would create a system with
branched network and retain unreacted epoxide groups. Hence the inclusion of increased
GPOSS percentage would increase the probability of producing resin matrix with such
segmented topology and varied free volume. In addition, the width of the glass transi-
tion process indicates that a number of molecular species are in a rearranging movement
in the glass transition region [157]. Furthermore, as explained above, at high concentra-
tions of POSS, the POSS molecules tends to react with each other generating crystalline
zones which impact the cross link density [155]. Therefore, the reduction in the Tg of the
uncompensated GPOSS modified systems may be ascribed to the proposed variation in
the cross-link density and the inhomogeneous network topology.

From the above discussion, it can be summarised that the Tg of modified epoxy resin sys-
tems can be a�ected by a combination of factors, such as, the structure of the modifier (in
this case the presence of the POSS cage structure), the influence of the functional group
of the modifier on the cross-link density, the resultant network topology, the reactivity
of the retained groups and the free volume introduced by the functional modifier.

5.3 AC Breakdown Strength

To evaluate the AC breakdown strength of the samples, the data obtained from the AC
breakdown testing were analysed using 2-parameter Weibull distribution, as presented
in Figure 5.4, while the derived values of the scale (–) and shape (—) parameters along
with the percent of change in the values of the – parameter of the breakdown strength of
the modified systems compared to the values of the – parameter of the reference samples
are listed in Table 5.3.

For the compensated systems, the inclusion of 1%, 4%, 10% and 30% of the epoxide
groups from the GPOSS resulted in improvements in the breakdown strength by about
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Table 5.3: AC breakdown strength data of the compensated and uncompensated
GPOSS modified epoxy resin systems.

Compensated systems Uncompensated systems
Sample Weibull parameter Weibull parameter

– (kV/mm) — %BD – (kV/mm) — %BD
Reference 121.89 26.64 100 121.89 26.64 100
1% 141.81 54.77 116 130.06 26.98 107
4% 148.63 56.35 122 122.31 20.35 100.3
10% 142.85 22.05 117 116.49 14.77 96
30% 136.52 25.92 112 103.23 13.42 85

16%, 22%, 17% and 12% respectively, compared to the neat system. On the other hand,
the breakdown strength was increased by only 7 % for the 1 wt% uncompensated system,
while the other uncompensated systems either showed insignificant change (such as the
4 wt% which increased the breakdown strength by 0.3 %), or revealed decrease in the
breakdown (the breakdown strength of the 10 wt% and 30 wt% decreased by 4 % and
15 %, respectively).

It has been suggested in several studies that the POSS molecule facilitates localised
charge motion within the resin system [109, 110, 112, 158]. This implies that the POSS
molecules may, to a certain extent, minimise the accumulation of free charges in the
bulk resulting in a homogeneous electric field across the system. Consequently, as the
external electric field increases, the internal field is kept uniform by the POSS through
a process referred to by Takala et al [112] as temporary charge scavenging. This process
would continue until all the system breaks. It is therefore concluded that the presence
of the POSS allowed the modified system to withstand high field, which consequently
resulted in the increased breakdown strength noticed here. However, the improvement in
the breakdown strength reported here does not increase linearly with the loading of the
GPOSS. The data indicates that the breakdown strength of the 10 EG% and 30 EG%
compensated systems are lower than that of the 4 EG%, while the breakdown strength
of most of the uncompensated systems (apart from the 1 wt% samples) falls below that
values of the neat epoxy.

The above account implies that the e�ect of GPOSS on the charge distribution is not the
only factor influencing the electrical performance of the GPOSS modified resin system.
The inclusion of the GPOSS is suggested to create branches and nodes integrated in the
resin matrix with the POSS cage structure become retained in the network. A schematic
digram for the structure of the neat and modified systems is presented in Figure 2.5.
As it was explained earlier in the DSC section, in the ideal case of a homogeneous
structure, these branches positively enhance the cross link density. However, as the
loading of the GPOSS increases, the POSS molecules interact with each other producing
an inhomogeneous network architecture. This is consistent with the findings of Heid et
al [110]. The inhomogeneous structure could be the dominant factor at high loading
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(a) AC breakdown of reference and GPOSS modified
epoxide compensated systems

(b) AC breakdown of reference and GPOSS modified
epoxide uncompensated systems

Figure 5.4: AC breakdown of reference and GPOSS modified systems with (a)
compensated stoichiometry, and (b) uncompensated stoichiometry.

of GPOSS and hence explains the decreasing trend in the breakdown strength for the
10 EG%, 30 EG% and the uncompensated systems (apart from the 1 wt%).

In summary, the AC breakdown strength of the GPOSS modified systems is found to
be influenced by the e�ect of the functional group of the FNM (POSS) on the charge
accumulation in the bulk of the material and the probability of the GPOSS to agglom-
erate. The former parameter is suggested to improve the breakdown strength at low
concentration of GPOSS, when the stoichiometry is compensated. While the later factor
dominates at high concentrations of GPOSS for both compensated and uncompensated
systems; hence reduce the breakdown strength.

5.4 Dielectric Spectroscopy

The e�ect of the stoichiometry on the dielectric behaviour of the GPOSS modified sys-
tems is illustrated in Figure 5.5. Generally, the real part of the complex permittivity
increases with increasing the loading of the epoxide groups from the GPOSS, as shown
in Figure 5.5(a) and Figure 5.5(b). This variation in the permittivity is in good agree-
ment with the increasing trend in the real permittivity found for epoxy resins modified
with 3 wt% to 4.8 wt% GPOSS reported by Takala and coauthors [112], while Huang
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(a) Real part of permittivity of GPOSS modified epox-
ide compensated systems.

(b) Real part of permittivity of GPOSS modified epox-
ide uncompensated systems.

(c) Imaginary part of permittivity of GPOSS modified
epoxide compensated systems.

(d) Imaginary part of permittivity of GPOSS modified
epoxide uncompensated systems.

Figure 5.5: Real and imaginary part of complex permittivity of reference and
GPOSS modified systems.

et al [153] confirmed this dielectric behaviour at varied temperatures for POSS modified
resins. Takala et al [112] associated similar dielectric behaviour with the variation in
parameters other than the POSS loading, such as the size and dispersion of the POSS.
However, Huang et al [153] and Heid et al [109] suggested that the inclusion of the
POSS, where the inorganic part (silica) resulted in an increase in the possible mobility
of charge carriers, which consequently increases the dielectric constant. Therefore, the
increase in the real part of the permittivity is most likely to be attributed to the increase
in the polar species resulted from the inclusion of the GPOSS.

Regarding the imaginary part of the permittivity, first consider the complex permit-
tivity of the compensated systems shown in Figure 5.5(c). The peak in the imaginary
permittivity observed at frequencies above 104 Hz is commonly attributed to the epoxy
— relaxation [130, 149, 159–161]. In amine cured systems, the — relaxation is believed to
originate from the motion of larger structural units associated with the cross-links, i.e.
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due to the movements of hydroxyl (pendent groups of the cross-links) with a degree of co-
operativity from the cross-links’ surrounding structure [162]. The FTIR data indicated
that the inclusion of the GPOSS resulted in marginal variations in the concentration
of hydroxyl groups in these systems; also the epoxide absorbance peak was una�ected
by the GPOSS, as shown in Figure 5.2(a). Therefore, the increase in the extent of the
— relaxation observed here is attributed to the change in the molecular topology created
around the cross links derived from the inclusion of the GPOSS, facilitating the mobility
of the polymer chains and resulting in an increase in the strength of the — relaxation.

Consider a system that has been modified by adding GPOSS by weight percentage
without compensation in the stoichiometry. The dielectric behaviour of such a system
indicates variation in both the real and imaginary parts of the permittivity, as presented
in Figure 5.5(b) and Figure 5.5(d). In the frequency range above 104 Hz, the imaginary
part of the permittivity associated with the — relaxation decreases for all samples as
the added percentage of the GPOSS increases. The strength of the — relaxation is
associated with the number and frequency of OH groups in the system. Therefore,
the noticed decrease in the strength of the — relaxation indicated in Figure 5.5(d) is
consistent with the decrease in the number of hydroxyl groups evident in the FTIR
spectra at OH groups presented in Figure 5.2(b).

In the frequency range below 10 Hz, the data shows that the imaginary permittivity of
the modified systems increases, being sharply pronounced for the 30 wt% systems. A
corresponding increase in real permittivity could also be noticed for the same frequency
range of the real complex permittivity Figure 5.5(b). It may be argued that the change
in the imaginary permittivity could be associated with the variation in Tg. However,
this is not the case here as the measurements were conducted at room temperature and
minimum measured Tg is about 57.5 °C (for the 30 wt% GPOSS systems). Indeed,
Heid et al [110] have investigated the e�ect of POSS modifier (liquid triglycidylisobutyl
POSS, which features only three terminal epoxide groups) on the dielectric properties of
modified epoxy resins. Their study reported that the dielectric behaviour of the DGEBA
resins modified with 5 wt% of the POSS exhibit interfacial loss peaks. This behaviour
was attributed to the agglomerations of the POSS. In the current study, it is evident
from the FTIR Figure 5.2(h) that there are retained unreacted epoxide groups within
the structure of the uncompensated system, where it was suggested that crystalline
zones could have been generated giving rise to free volume in these systems, which could
have resulted in the noticed decrease in the Tg. This behaviour is consistent with the
dielectric behaviour reported by Heid et al [110] and Sharma et al [163]. In the study
conducted by Sharma et al [163], it was suggested that the — relaxation shifts to lower
temperatures a�ected mainly by the free volume introduced by the inclusion of the POSS
cage. Therefore, form the above discussion, the increase in the permittivity noticed at
frequencies below 10 Hz in the data presented in Figure 5.5(b) and Figure 5.5(d) is may
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be related to the interfacial polarisation induced by the proposed claustration of the
GPOSS.

5.5 Hypothesis test of GPOSS stoichiometry

To provide a comprehensive understanding of the e�ect of the stoichiometry of GPOSS
on the dielectric behaviour of the modified epoxy resins, an investigation was conducted
to test the hypothesis regarding the appropriate number of the epoxide groups in the
GPOSS. The aim is to verify if the number of the reactive epoxide groups in the GPOSS
equals to eight, which was used to calculate the epoxide equivalent weight of the GPOSS.
Therefore, the e�ect of varying the assumed number of epoxide groups in the GPOSS
on the dielectric properties of the modified resins was investigated by systematically
varying the assumed stoichiometry of the resin, GPOSS and the hardener. The samples
were manufactured by adding 70 % of the epoxide groups from the epoxy resin, with
the remaining 30 % being supplied by the GPOSS. In the 30 % epoxide groups of
the GPOSS, the GPOSS was assumed to have 6 or 10 epoxide groups, where these
values were selected to illustrate the behaviour above (10 groups) and below (6 groups)
the nominal (8 groups). The resultant samples are referred to as xGGPOSS, where
x represent the number of the epoxide groups assumed to present in the GPOSS. For
example, the annotation 10GGPOSS refers to epoxy resin systems modified with 30 %
of the epoxide groups from the GPOSS which was calculated assuming the GPOSS
molecule contain 10 epoxide groups.

5.5.1 Di�erential Scanning Calorimetry

The DSC data obtained for the test samples are presented in Figure 5.6, while the Tg

derived from the DSC measurements are listed in Table 5.4. As expected, compared to
the neat systems which had Tg of 85.3 °C, all modified samples exhibited reduction in
their glass transition temperature. The inclusion of GPOSS assuming that 6, 8 and 10
epoxide groups from the GPOSS molecule would contribute to the curing process resulted
in decrease in the Tg by about 11.8 °C, 9.6 °C and 11.1 °C, respectively. These results
are consistent with the findings reported by Nguyen et al [114] for epoxy resin systems
investigated with varied stoichiometry. Indeed, Alhabill et al [113] reported reduced Tg

for similar epoxy resin systems when there is an excess of resin in the network. On
the other hand, the excess of the amine hardener is suggested to only slightly influence
the thermal stability of the material. The optimum stoichiometry is correlated with
the cross link density, which influences the glass transition temperature of the material.
Therefore, the data obtained here suggest that the 8GGPOSS systems represents the
optimum stoichiometric ratio as this system features the maximum measured Tg for the
modified systems.
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Figure 5.6: DSC of reference and GGPOSS modified epoxide compensated sys-
tems.

Table 5.4: DSC measurements for reference and GGPOSS modified systems.

Sample Tg(°C)
Reference 85.3
6GGPOSS 73.5
8GGPOSS 75.7
10GGPOSS 74.2
Error in Tg = ±2 °C

5.5.2 Dielectric spectroscopy

In order to evaluate the e�ect of the assumed interfacial chemistry of the GPOSS, the di-
electric behaviour was investigated. The acquired data of the real and imaginary part of
the complex permittivity for systems calculated by assuming di�erent number of epoxide
groups are presented in Figure 5.7. It was found that system that has been produced
assuming the ideal number of epoxide groups of the GPOSS (8 groups) contributes to
the curing process, exhibited the maximum increase in the real and imaginary part of the
permittivity. The imaginary permittivity observed at frequencies above 104 Hz, which
is associated with the — relaxation, appears as a pronounced peak for all the samples.
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(a) Imaginary part of complex permittivity for GPOSS
modified epoxide with di�erent number reactive groups

(b) Real part of complex permittivity for GPOSS mod-
ified epoxide with di�erent number reactive groups

Figure 5.7: Dielectric spectroscopy of reference and GPOSS modified systems
with di�erent number of epoxide groups.

With increasing the number of the assumed epoxide groups from the GPOSS to 10
groups, the strength of — relaxation decrease slightly. A reduction in the strength of the
— relaxation also evident in the case if samples produced using only 6 epoxide groups,
as shown in Figure 5.7. This decrease in the extent of — relaxation suggests that in the
case of 6 and 10 epoxide groups, the curing reactions are unbalanced. If the hypothesis
which states that each GPOSS molecules has 8 epoxide groups, were correct, then the
samples produced by assuming only 10 epoxide groups would contribute to the curing
process may be considered as systems with excess of hardener, while the 6GGPOSS
samples are systems with excess of epoxide groups. Since the extent of — relaxation
is attributed to the number of the hydroxyl groups generated during the cross linking
process, therefore, the results suggests that systems with excess of hardener produced
less number of hydroxyl groups, which is the same for systems with excess of resin. In
both cases the curing reactions are not balanced. This e�ects the cross linking den-
sity which consequently alter the extent of — relaxation. As the maximum amplitude
for — relaxation can be seen for the 8GGPOSS systems, it can be suggested that the
optimum number of epoxide groups in the GPOSS is 8 groups.

5.6 Summary

By using two di�erent methods (compensation and addition by weight percentage) to
introduce a multi-epoxide terminated functional network modifier, a series of samples
have been produced with varied structures. The properties of the manufactured systems
were studied using di�erent techniques. FTIR spectroscopy showed that the compen-
sated GPOSS modified systems have marginal change in the hydroxyl groups, while the
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OH groups decreased as the loading of the GPOSS increase in the uncompensated sys-
tems. The spectra of both systems showed similar variation in the Si-O-Si absorbance
region, while the uncompensated systems featured increased number of retained unre-
acted epoxide groups.

Di�erential scanning calorimetry experiment indicated that the Tg of the modified sys-
tems is influenced by several factors such the structure of the modifier, the influence of
the functional group of the modifier on the cross-link density, the network topology and
the free volume introduced by the FNM.

The AC breakdown strength of the GPOSS modified epoxy resins were found to be af-
fected by two main factors which are, namely, the functional group of the FNM and the
modified network topology. Epoxy resin systems produced with theoretical stoichiomet-
ric ratio showed increased AC breakdown strength compared to that of the neat resin,
due to the inclusion of the GPOSS. On the other hand, system with varied stoichiometric
ratio (uncompensated) showed decreased AC breakdown strength which was attributed
to the proposed agglomeration of the modifier which created an inhomogeneous network
structure.

The changes in real part of the permittivity as a result of the inclusion of the GPOSS
are ascribed to the presence of the inorganic silica molecules of the GPOSS in the
system. Regarding the imaginary part of the complex permittivity, the — relaxation of
the compensated systems increased with the increase in the concentration of the epoxide
groups from the GPOSS, which is in contrast to the data obtained for the uncompensated
systems. Based on the FTIR data, this behaviour can be attributed to the change in
molecular topology around the cross links after the addition of the GPOSS. While in
the case of the uncompensated samples, the decrease in the extent of — relaxation is
associated with the decrease in the hydroxyl groups, which is evident from the FTIR.

The calculation of the compensated systems was based on the assumption that each
GPOSS contribute to the curing process through 8 epoxide groups. Therefore, it was
necessary to test the e�ect of this assumption on changing the GPOSS epoxide groups
in a systematically controlled way. As it was expected, the DSC measurements (the
maximum Tg) and the dielectric spectra indicated by the extent of — relaxation suggested
that 8 epoxide groups from the GPOSS may contribute to the curing reactions, which
is to be used to calculate the optimum stoichiometric ratio.

To sum up, it can be seen that the inclusion of the GPOSS resulted in variation in the
di�erent properties of the modified systems. The stoichiometric ratio of the GPOSS
plays a vital role in determining the properties of the final material. In addition, the
e�ect of the GPOSS on the Tg, dielectric spectroscopy and the breakdown strength is
attributed to several factors where the structure of the functional groups of the GPOSS
was one of the dominant factors in most of the cases. Therefore, the next chapter is
set out to investigate the e�ect of varied percentages of di�erent functional network
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modifiers on the thermal, electrical and dielectric properties of amine cured modified
epoxy resin systems.



Chapter 6

Investigation of the e�ect of functional network modifiers on the
electrical properties of epoxy resin systems

1 In the previous chapter, the e�ect of the stoichiometric ratio of FNM on the properties
of modified epoxy resin systems was investigated. It was found that the stoichiometric
ratio plays a vital role in determining the properties of the epoxy resin based system. In
this chapter, the e�ect of di�erent functional network modifiers on the glass transition
temperature, permittivity, AC breakdown strength and the electrical conductivity of
amine cured epoxy resin systems is explored. Here, two functional network modifiers
(FNM) are used to modify the structure of a DGEBA epoxy resin, namely glycidyl hex-
adecyl ether (GHE) and glycidyl 4-nonylphenyl ether (GNPE). The neat and modified
systems are cured using an amine based hardener (Je�amine D230). The stoichiometric
ratio of the resin, hardener and FNM is calculated so that each epoxy group (supplied by
the resin and/or the FNM), reacts with an active groups from from the amine hardener
in a curing mechanisms which was described in chapter 2.

6.1 GHE modified systems

The glycidyl hexadecyl ether (GHE) is a functional network modifier, which comprises a
terminal epoxide group and a long alkyl chain within its chemical structure, as illustrated
in Figure 3.3. The epoxide group of the GHE contributes to the curing reactions of the
resin system. After curing, the epoxide group of the GHE become integrated in the
resin network, while the non-reactive part of the GHE (the alkyl chain) become retained
in the system. The presence of these retained molecules impacts the network structure
and results in forming a system with nodes and branched chains. Consequently, the
addition of the FNM impact the di�erent properties of the final material, as it will be
demonstrated in the next sections.

6.1.1 FTIR Spectroscopy

The FTIR spectra acquired for the neat and GHE modified systems is presented in Fig-
ure 6.1(a). According to Lambert et al [136], the region between wavenumbers 3000 cm≠1

1
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and 2800 cm≠1 is usually referred to as the CH stretching region, as this region char-
acterises the stretching frequency of most of the CH groups. Since the GHE contains
a long alkyl chain within its chemical structure (CH2(CH2)14CH3), it is important to
have a detailed view of the CH stretching region of the FTIR spectra of the systems
under investigation, as it is illustrated in Figure 6.1(b). From this figure, it can be
observed that a new absorbance peak appears at 2851 cm≠1. The strength of this new
absorption peak rises with the increase in the fraction of GHE present in the system.
The absorption peak present at wavenumber 2927 cm≠1 in the spectra of the neat epoxy
resin is increased in strength and shifted to lower wavenumber as the loading of the GHE
increases in the system.

Several studies reported that the antisymmetric stretches of CH3 can be observed at
wavenumber range from 2970 cm≠1 to 2950 cm≠1, while the antisymmetric stretches of
CH2 groups often presents at wavenumber from 2940 cm≠1 to 2915 cm≠1 [136, 164–167].
In addition, the symmetric stretching frequencies for CH3 and CH2 groups are located in
the wavenumber range from 2885 cm≠1 to 2860 cm≠1 and from wavenumber 2870 cm≠1

to 2840 cm≠1 respectively. This suggests that the absorbance peaks at the wavenumber
2963 cm≠1 and 2927 cm≠1 in the spectra shown in Figure 6.1(b), are associated with
the antisymmetric stretch of CH3 and CH2 respectively, while the peaks at 2869 cm≠1

and 2851 cm≠1 are attributed to the symmetric stretch of CH3 and CH2 respectively.

Since the structure of GHE modifier features a long chain alkyl groups within its chemical
structure, which ideally comprises of sixteen CH2 groups and a single CH3 group, the
addition of the GHE is expected to cause significant increase in the absorbance of the
overall spectra at the CH stretching region. Therefore, the shift in the antisymmetric
stretch CH2 peak, the increase in intensity of the peaks at the CH region and the
appearance of a new peak, are all indicators that proofs the presence of the GHE within
the structure of the cured resin.

6.1.2 Di�erential Scanning Calorimetry

The DSC traces for the neat and GHE modified epoxy resin systems are illustrated in
Figure 6.2. The values of the Tg, �Cp (di�erence in heat capacity over Tg), the onset
of Tg and �Tg (the width of the glass transition process) are listed in Table 6.1. From
Figure 6.2, it can be seen that the measurements of Tg for the 30GHE system appears
as a straight line suggesting that the Tg of the 30GHE system is below the temperature
range that is accessible with the used DSC equipment, thus, the Tg of the 30GHE is
listed as out of the range in Table 6.1.

The glass transition temperature of the pure epoxy resin system was observed at 85.3
±2 °C. The results indicates that the Tg decreases as the GHE content in the system
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(a) complete spectra

(b) FTIR spectra for wavenumber between 2980 cm1 and 2820 cm1

Figure 6.1: FTIR spectra of GHE modified DER 332 epoxy resin
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Table 6.1: DSC data of the neat and GHE modified epoxy resins.

Tg (°C)a Onset (°C)b �Cp J/(g.°C) �Tg (°C)
Neat Epoxy 85.3 83.3 0.34 4.4
1GHE 81.7 79.6 0.32 5.5
4GHE 71.5 69.4 0.31 7.0
10GHE 54.2 50.6 0.21 15.5
30GHE NA NA NA NA
1 Error in Tg = ±2 °C
2 Error in onset= ±0.2 °C
3 NA= Out of range

increase. The formulation of the di�erent samples used in this study are listed in Ta-
ble 6.2. From the latter table, it can be observed that as the GHE content increases, the
required quantity of hardener is reduced, consequently, reducing the crosslink density.
In addition, free volume is introduced in the system associated with the long alkyl chain
of the GHE modifier. The generated free volume assists in the large-scale molecular mo-
tion, which consequently contributes to the decreases in values of the Tg. These results
aline with the findings reported by Daniels and consistent with the results reported by
Liu et al. for epoxy resin systems modified using a FNM containing a shorter alkyl chain
with similar functional groups [115, 168].

Figure 6.2: Thermal measurements for neat and GHE modified epoxy systems.
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Table 6.2: Formulation of the reference and modified samples.

Material System Resin (g) FNM (g) Hardener (g)
Neat Epoxy 7.45 0.00 2.55
1GHE 7.33 0.13 2.54
4GHE 7.00 0.50 2.50
10GHE 6.37 1.21 2.43
30GHE 4.50 3.49 2.21
1GNPE 7.34 0.12 2.54
4GNPE 7.03 0.46 2.52
10GNPE 6.42 1.13 2.45
30GNPE 4.62 3.12 2.26

6.1.3 Dielectric Spectroscopy

The real and imaginary part of the permittivity of the neat and GHE modified epoxy
resin systems acquired at room temperature are shown in Figure 6.3. For the real part
of the permittivity illustrated in Figure 6.3(a), apart from the the 30GHE system, the
figure reveals that the inclusion of the GHE results in a reduction in the real permittiv-
ity, where the permittivity decrease as the contents of the GHE increase in the system.
This behaviour alines with the fact that adding the GHE introduces non-polar moieties
into the modified networks. In the case of the 30GHE, the dielectric spectroscopy mea-
surements were conducted above the Tg of the system (Tg of the 30GHE system is below
room temperature). The permittivity of the 30GHE was observed to increase with the
decrease in the frequency, suggesting a mechanism reported in literature as ionic con-
ductivity associated with the increase in the mobility at temperatures above Tg of the
material [91].

Consider the imaginary part of the complex permittivity presented in Figure 6.3(b), the
peak located at frequency from ≥100 Hz to above 106 Hz is attributed to the —-relaxation.
Figure 6.3(b), reveals that the —-relaxation decrease in strength as the GHE contents
increase in system that features Tg values above the room temperature. The strength
of the —-relaxation is associated with the motion and frequency of the hydroxyl groups
generated during the curing process [80, 150, 169]. Therefore, the behaviour observed
here is qualitatively consistent with the variation in the glass transition temperature and
the change in the composition of each system. However, by assuming a complete reaction
of the epoxide groups and the active groups of the hardener in the system, a quantitative
comparison between the di�erent formulation presented in Table 6.2 and the behaviour
of the —-relaxation shown in Figure 6.3(b), reveals that the strength of —-relaxation does
not scale with the number of active groups of the hardener, where the strength of the
—-relaxation strength decrease greater than the expected value. This suggests that a
factor other than the number of the hydroxyl groups contributes to the noticed decrease
in the strength of the —-relaxation. These findings are consistent with the behaviour
reported by Alhabill et al [113], where the variation in the strength of the —-relaxation



70
Chapter 6 Investigation of the e�ect of functional network modifiers on the electrical

properties of epoxy resin systems

(a) Real part of complex permittivity for neat and GHE modified systems.

(b) Imaginary part of complex permittivity for neat and GHE modified systems.

Figure 6.3: Complex permittivity of GHE modified epoxy resin samples ob-
tained at 20 °C
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was attributed to the change in local structure of the resin network, which constrained
the movement of the hydroxyl groups. In the work reported here, the inclusion of the
GHE resulted in the presence of alkyl groups retained in the resin structure forming
a system with branched network. These branches hindered the movement of the —

associated groups, consequently, shifting the relaxation to a higher frequency that is
located outside the range accessible by the equipment.

In addition to the —-relaxation, a weak relaxational peak appears at frequencies below
1 Hz in the graph of the imaginary part of the permittivity of the 10GHE system. A
detailed analysis and a discussion of this peak in anhydride cured DGEBA resin systems
is presented in chapter 8 of this thesis, which reveals that the peak noticed here is
associated with the –-relaxation attributed to the low Tg of the 10GHE system [170–
172]. As for the 30GHE, the dominant feature is a sharp increase in the imaginary part
of the permittivity at the low frequency end of the measured spectra. This behaviour
is anticipated as the 30GHE is above Tg at room temperature. As such, it is possible
to associate the behaviour of the 30GHE with a combination of two mechanisms. The
first mechanism is conduction within the network correlated to chloride ions present in
the system residual from the epoxy resin manufacturing reactions [91, 173]. The other
factor is that the molecular segments have a relatively high freedom of motion above Tg.
From the frequency dependent permittivity of the 30GHE system, it can be suggested
that the former mechanism is not dominant in these data.

6.1.4 Electrical Conductivity

The acquired DC conductivity values of the neat and GHE modified epoxy resin sys-
tems are listed in Table 6.3. Although a small increase (comparable to experimental
uncertainties) in the electrical conductivity is suggested for the system with GHE con-
tent up to 10%, the data suggests that, generally, the conductivity of the GHE modified
systems increase with increasing the GHE concentration. The maximum measured con-
ductivity was reported for the 30GHE system, which suggested an increase by 3 order
of magnitude compared to the conductivity of the neat system. It is possible that there
are a number of factors that influence the electrical conductivity of the GHE modified
systems. Based on the dielectric behaviour of the GHE modified systems discussed in
the previous section, the inclusion of the GHE promotes ionic conduction in the system,
which could contribute to the DC conductivity, especially in systems modified with high
concentration of GHE as it was shown in the data of the 30GHE.

The network structure of the GHE modified systems comprises of retained functional
groups, which increased the free volume in the system and resulted in the noticed de-
crease in the Tg. In case of polyethylene, where charge transport dynamics through
disordered molecular conformations has been studied in details, the presence of localised
regions of free volume has been shown to be an important factor in electronic conduction
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Table 6.3: DC conductivity and AC breakdown measurements of neat and GHE
modified samples.

Sample ID DC Conductivity (S/cm) Weibull – (kV/mm) Weibull — % BD
Neat Epoxy 1.03 x 10≠17 ± 1.01 x 10≠18 121.9 ± 1.7 26.6 100%
1GHE 1.36 x 10≠17 ± 1.04 x 10≠18 124.1 ± 2.2 20.1 102%
4GHE 1.86 x 10≠17 ± 2.15 x 10≠18 129.6 ± 1.8 24.6 106%
10GHE 3.82 x 10≠17 ± 9.12 x 10≠18 119.5 ± 1.5 26.0 98%
30GHE 2.50 x 10≠14 ± 4.15 x 10≠15 95.3 ± 3.0 11.9 78%

[174–176]. Therefore, it could be the same case here, where the free volume introduced
by the GHE modifier could have a�ected the charge transport in the modified systems.

Finally, the addition of the GHE altered the viscosity of the system. The measured
viscosity of the neat epoxy resin was 0.266 Pa.s (±4x104 Pa.s), which was reduced to
0.101 Pa.s(±4x104 Pa.s) by adding 30% of the epoxide groups from the GHE modifier.
The increase in viscosity is expected to increase the probability of reaction between the
epoxide groups and the active groups of the hardener prior to vitrification. Therefore, the
increase in the viscosity would have resulted in an increase in the cross-linking e�ciency,
where a homogenous system is produced. This aligns with the finding of Alhabill et al
[113], where it was found that the electrical conductivity is associated with the structure
of the material, systems with more homogenous structures are reported to have high
electrical conductivity.

6.1.5 AC Breakdown Strength

The data obtained from the AC breakdown test for the neat and GHE modified epoxy
resin systems are analysed using the Weibull distribution, where the Weibull proba-
bility distribution function and the derived parameters (the scale – and the shape —)
are presented in Figure 6.4 and listed in Table 6.3. The data suggests that the break-
down strength of the modified systems increases progressively, but marginally, with the
increase in the GHE content up to 4 mol.% of the GHE. Thereafter, the behaviour is
reversed, where the breakdown strength decrease with increasing the GHE concentration
in the system. The data of the 30GHE indicated the maximum drop in the breakdown
strength, which may be correlated with the decreased Tg of the 30GHE and the influence
of the ionic conduction.

The data presented in Figure 6.4 clearly demonstrates that the inclusion of the functional
groups of the FNM modifies the electrical properties of the epoxy resin system. For the
GHE, the retained functional groups are merely alkyl chains. These aliphatic compounds
are reported to influence the electrical properties of the modified polymeric material.
As it was discussed in the voltage stabilisers concept section 2.4 of chapter 2, several
studies have reported the impact of alkyl groups on the electrical properties of polymeric
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systems. Hunt [177], used alkyl groups as a voltage stabilising additives to manufacture
polyolefins with controlled electrical properties. Similarly, Takahashi et al. employed
the a�ect of alkyl groups on the electrical properties of the host polymeric material to
produce polyolefin based polymers that features high resistance to electrical treeing [121].
Based on the findings of Hunt and Takahashi et al, Martinotto et al produced additives
which were suggested to improve the electrical strength of cross-linked polyethylene
[118]. The above studies ascribed the electrical behaviour of the alkyl modified system
to the capability of the alkyl groups to donate / receive electrons (either high electron
a�nity or low ionisation potential). This would allow the alkyl groups to stabilise the
internal electric field within the material. From the above account, it is possible that
similar mechanisms presents in the GHE modified system, where the inclusion of alkyl
groups (at concentration up to 4 wt%) functions as branches that stabilise the charge
distribution in the modified resin network.

Figure 6.4: Weibull plot of the breakdown data for neat and GHE modified
epoxy resin.
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6.2 GNPE Modified Systems

The previous section indicated that the inclusion of the GHE (at concentration up to
4 wt%) resulted in an increase in the breakdown strength of the GHE modified systems.
In this section, varied concentrations of Glycidyl 4-nonylphenyl ether (GNPE) modifier
is used to alter the structure of the epoxy resin. The chemical structure of the GNPE
comprises of a terminal alkyl chain (similar to the functional groups of the GHE, but
the alkyl chains are shorter), in addition to an aromatic ring that is linked to a terminal
epoxide group through an ether linkage. The chemical structure of the FNM is presented
in Figure 3.3. The next sections provide a discussion of the data of the FTIR, DSC,
permittivity measurements, AC breakdown strength and DC conductivity of the neat
and GNPE modified epoxy resin systems. The investigation of the e�ect of the GNPE
on the di�erent properties of the resin will examine the claim that the impact of the
GHE on the electrical properties is not only associated with the inclusion of the GHE,
but is also attributed to the chemical structure of the functional groups of the FNM.

6.2.1 FTIR Spectroscopy

Figure 6.5(a) illustrates the FTIR spectra acquired for the neat epoxy resin and systems
modified with di�erent concentrations of GNPE. A detailed view of the CH stretching re-
gion of the FTIR spectra of the systems under investigation is presented in Figure 6.5(b).
The data indicates that the increase in the contents of the GNPE modifier results in
increase in the strength of the absorbance peaks located at wavenumber 2964 cm≠1,
2927 cm≠1 and 2869 cm≠1. It can also be observed, from Figure 6.5(b), that the ab-
sorbance peak at 2964 cm≠1 is slightly shifted to lower wavenumber proportional with
the GNPE content in the system (for example, the latter peak is located at 2961 cm≠1

for the 30GNPE system). All the above mentioned absorbance peaks are located in
the CH stretching region, as it was discussed in the FTIR section of the GHE modi-
fied systems. The absorbance peaks located at wavenumber 2869 cm≠1, 2927 cm≠1 and
2964 cm≠1 are attributed to the symmetric stretch of CH3, the antisymmetric stretch
of CH3 and CH2 groups respectively [136]. Since the chemical structure of the GNPE
comprises of an alkyl chain (CH2(CH2)7CH3), the addition of the GNPE is expected to
cause significant increase in the absorbance of the overall spectra at the CH stretching
region. Therefore, the changes in the FTIR spectra noticed in the CH region indicates
the presence of the aliphatic part of the GNPE within the structure of the cured resin.
However, this association between the increase in the strength of the peaks at the CH
region with the increase in the GNPE contents should not be exclusively related to the
aliphatic groups of the GNPE. It was reported that the carbon/carbon bonds contained
within the aromatic rings also appears to stretch in this region [136].
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(a) The complete spectra of the neat and GNPE modified systems.

(b) FTIR spectra for wavenumber between 2980 cm1 and 2820 cm1.

Figure 6.5: FTIR spectra of GNPE modified DER 332 epoxy resin
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The C=C stretching (also known as skeletal ring breathing modes) are reported at
1600 cm≠1, 1500 cm≠1 and 1450 cm≠1, while the sharp strong peak presents at wavenum-
ber from 860 cm≠1 to 800 cm≠1 is associated with the stretching of para disubstituted
aromatic molecules [136, 137]. The FTIR spectra presented in Figure 6.6 illustrated the
peaks associated with aromatic groups. Figure 6.6 presents the FTIR spectra of the neat
and GNPE modified systems for the wavenumber from 1650 cm≠1 to 450 cm≠1, which
illustrates the stretching bands reported for the skeletal ring breathing modes and para
disubstituted aromatic molecules. However, these peaks are located in the finger-print
region of the spectrum [136], where most of the peak tends to overlap, which makes
precise identification of a specific molecular groups quite problematical. Nevertheless,
considering the complete FTIR spectra reported here suggests that the inclusion of the
GNPE resulted in an increase in the strength of the absorbance peaks of the overall spec-
tra at the CH stretching region, shift in the wavenumber of the antisymmetric stretch of
the CH3 peak, and a slight variation in the absorbance peaks located in the finger-print
region. All these changes in the FTIR spectra of the GNPE modified systems provides
a compelling evidence for the presence of the GNPE modifier within the structure of the
produced systems.

Figure 6.6: FTIR spectra of neat epoxy and GNPE modified samples for
wavenumber between 1650 cm1 and 450 cm1.
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Table 6.4: DSC data of the neat and GNPE modified epoxy resins.

Tg (°C)a Onset (°C)b �Cp J/(g.°C) �Tg (°C)
Neat Epoxy 85.3 83.3 0.34 4.43
1 GNPE 76.8 74.5 0.34 5.45
4 GNPE 75.0 72.7 0.31 7.04
10 GNPE 64.4 61.9 0.25 14.38
30 GNPE 42.5 39.2 0.27 19.36
1 Error in Tg = ±2 °C
2 Error in onset= ±0.2 °C

6.2.2 Di�erential Scanning Calorimetry

The data obtained from the DSC measurements for the neat and GNPE modified epoxy
resin systems are illustrated in Figure 6.7, while the derived values of the Tg, �Cp, the
onset of Tg and �Tg (the width of the glass transition process) are listed in Table 6.4.
The data suggests that the inclusion of the GNPE modifier resulted in a decrease in the
Tg of the modified networks as the concentration of GNPE increase in the system. For
example, the measured Tg of the 30GNPE system is 42.5 ±0.2 °C, which indicates a
decrease by 42.4 ±0.2 °C in the Tg of the 30GNPE compare to the Tg of the neat system
(Tg of the pure system is 85.3 ±0.2 °C).

The reduction in the Tg of the GNPE modified systems is similar to the behaviour re-
ported earlier for the systems altered using GHE modifier, where the presence of the
GNPE is expected to influence the network structure and the free volume in the sys-
tem in a comparable way [3, 47, 100, 149]. However, by comparing the e�ect of GNPE
and GHE modifiers on the Tg values of the modified epoxy resins, it can be seen that
the GHE modifier resulted in higher drop in Tg than GNPE for systems produced with
similar FNM concentrations. For example, the Tg of the 30GHE system was reported
below room temperature, while the Tg of the 30GNPE system is 42.5 ±0.2 °C. Although
both GHE and GNPE resulted in shifting Tg to lower temperatures, the GNPE systems
have higher glass transition temperatures than that of GHE modified system for similar
FNM concentrations. The behaviour could be associated with the presence of aromatic
structure within the chemical composition of the GNPE modifier. The presence of the
aromatic ring is reported to environmentally constraint the molecular motion by steric
hindrance, which impacts the segments arrangement associate with the glass transition
process, and hence alters the Tg of the system. This process is consistent with the e�ect
of aromatic structures on the thermal stability of epoxy resins suggested by Neville and
Lee [3] and Tg reported by Babayevsky and Gillham [178]
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Figure 6.7: Thermal measurements for neat and GNPE modified epoxy systems.

6.2.3 Dielectric Spectroscopy

The real and imaginary part of the permittivity of the GNPE modified epoxy resin
systems are shown in Figure 6.8. The data indicates that the increase in the content of
the GNPE in the system, results in a general decrease in the real and imaginary parts
of the permittivity. This is similar to the dielectric behaviour reported for the GHE
modified systems.

In the case of the imaginary part of the permittivity of the GNPE modified systems,
presented in Figure 6.8(b), the data suggests that the increase in the parts of the GNPE
modifier in the system results in decrease in the strength of the —-relaxation, located at
frequency around 105 Hz. This behaviour is quite di�erent from the dielectric behaviour
of the GHE modified systems, where in the 30GHE systems both — and – relaxation
were observed. As it was discussed in the section of the dielectric behaviours of the GHE
modified systems, the strength of the —-relaxation is associated with the hydroxyl groups
present in the system [80, 150]. Since the addition of the GNPE resulted in reduction
in the strength of the —-relaxation, it can be suggested that the addition of the GNPE
modifier could have resulted in reduction in the number of hydroxyl groups generated
during the curing process of the epoxy resin system. This could be a consequence of the
reduction in the crosslink density and/or the change in the free volume in the system as-
sociated with the retained functional groups of the modifier. Similar e�ect was reported
for non-stoichometric epoxy resins [113]. In addition, since the chemical formulation of
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(a) Real part

(b) Imaginary part

Figure 6.8: Complex permittivity of GNPE modified epoxy resin samples ob-
tained at 20 °C
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Table 6.5: DC conductivity and AC breakdown measurements of neat and
GNPE modified samples

Sample ID DC Conductivity (S/cm) Weibull – (kV/mm) Weibull — % BD
Neat Epoxy 1.03 x 10≠17 ± 1.01 x 10≠18 121.9 ± 3 26.6 100%
1 GNPE 1.22 x 10≠17 ± 2.40 x 10≠17 134.2 ± 2 56.6 110%
4 GNPE 4.08 x 10≠17 ± 1.50 x 10≠17 135.3 ± 2 43.7 111%
10GNPE 1.40 x 10≠16 ± 7.42 x 10≠17 133.9 ± 3 43.4 110%
30GNPE 2.22 x 10≠16 ± 8.93 x 10≠17 134.8 ± 6 20.8 110%

GNPE features aromatic structure, these functional groups might have constrained the
movement of the hydroxyl-ether groups. Consequently, it can be suggested that both
the decrease in the number of the hydroxyl groups and the environmental constrained
caused by the integration of the FNM within the structure of the epoxy resin, have
contributed to the reduced —-relaxation noticed here.

6.2.4 Electrical Conductivity

The DC conductivity values obtained for the neat and GNPE modified epoxy resin
systems are listed in Table 6.5. Although a small increase (comparable to experimental
uncertainties) in the electrical conductivity is suggested for the system with low content
of GNPE (up to 4%mol), the general trend in the data indicates that the increase in
the loading of the GNPE modifier resulted in an increase in the electrical conductivity
of the modified systems. This is comparable to the conductivity behaviour of the GHE
modified systems. The maximum reported increase in the conductivity was measured
for system modified with 30% of the epoxide groups provided by the GNPE modifier,
where the DC conductivity of the 30GNPE system was found to increase by 1 order of
magnitude compared to the conductivity of the neat system.

Like the GHE modified systems, the inclusion of GNPE a�ected the viscosity of the modi-
fied system. The measured viscosity of the neat epoxy resin was 0.266 Pa.s (±4x104 Pa.s),
which was decreased to 0.135 Pa.s (±3x104 Pa.s) for the 30GNPE samples, which is an-
ticipate to alter the cross-linking e�ciency. The changes in the DC conductivity of the
GNPE modified system is comparable to the behaviour of the GHE modified systems.
Therefore, it is possible to propose similar explanations for behaviour of the electrical
conductivity of the GNPE modified systems. It is important to point out that the DC
conductivity measurements were conducted at room temperature, which below the Tg

of the GNPE modified systems. Consequently, no contribution from ionic conduction is
seen in the data of the 30GNPE.
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6.2.5 AC Breakdown Strength

The results of the AC breakdown test for the neat and GNPE modified epoxy resin
systems are analysed using the Weibull distribution as presented in Figure 6.9 and listed
in Table 6.5. The figure suggests that the inclusion of the GNPE modifier resulted in
a general increase in the breakdown strength of the GNPE modified systems compared
to the breakdown strength of the neat resin system. By comparing the AC breakdown
of the GHE (listed in Table 6.3) and the data reported for the GNPE modified systems
(illustrated in Table 6.5), it can be seen that the increase in the breakdown strength
resulted from the inclusion of the GNPE is greater compared to the increase in the
breakdown strength reported for the GHE systems. For example, the maximum increase
in the breakdown strength of the GNPE modified systems is reported for the 4GNPE,
where the Weibull – parameter for the 4GNPE is 135.3 ±2 kV/mm, while the neat
resin system featured a lower Weibull – values (121.9 ±3 kV/mm). The maximum
increase in the Weibull – parameter of the GHE modified systems is reported for the
4GHE to be 129.6 ±1.8 kV/mm. Furthermore, based on the data of the GHE and
GNPE modified systems reported in Table 6.3 and Table 6.5 respectively, it can be
suggested that the increase in the breakdown strength of the GNPE modified system is
not strongly dependent on the added GNPE concentration. While it may be argued that
the improvement in the breakdown strength of the FNM modified system reported here
(about 10%) is small, it has been shown that comparable improvement in the electrical
properties have been translated into significant advantage under technologically relevant
electric fields [116, 117].

As it was highlighted in section 2.4 of chapter 2, several studies have reported the influ-
ence of aromatic rings on the breakdown strength of polymeric materials. Martinotto
et al. manufactured additives that comprises of an aromatic structure (benzophenone)
attached to an alkyl groups [118]. The additives produced by Martinotto et al. are sug-
gested to feature voltage stabilising capabilities. Englund et al. [122] used additives with
similar chemical structure (aromatic molecule linked to an alkyl chain), which reported
improvement in the electric treeing resistance in cross-linked polyethylene. Similarly,
Jarvid et al.[125] produced materials with aromatic based additives performing as volt-
age stabiliser and supported the results reported by Martinotto et al [118] and Englund
et al. [122]. The above studies pointed out that there are two factors which are likely
the cause for the noticed increase in the breakdown strength of the FNM modified sys-
tems. The high electron a�nity of the aromatic-alkyl groups of the added aromatic-alkyl
molecules and the di�erence between the ionisation potential of the functional groups
compared to the ionisation potential of the host polymer [120, 125].

In the current case, the inclusion of the GNPE altered the network structure of the resin
by introducing non-reactive chains, which are suggested to increase the free volume in
the system, as it was seen from the Tg of the GNPE modified systems. Charge transport
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Figure 6.9: Weibull plot of breakdown data for neat and GNPE modified epoxy
resin.

studies demonstrated that the free volume in the system is an important factor that
influences the electrical behaviour of the polymeric network [179–181]. Consequently,
the free volume introduced by the addition of the GNPE may be another factor that
influenced the charge transport dynamics in the modified systems. It was shown here
that the inclusion of the GNPE increases the breakdown strength of the GNPE modified
systems. Since, the chemical structure of the GNPE features an aromatic structure
linked to an alkyl chain, which is similar to chemical structure of the voltage stabilisers
used by Martinotto et al. [118] and Jarvid et al. [120], based on the above discussion, it
is possible the increased breakdown strength of the modified systems is associated with
the functional groups of the FNM, where the high electron a�nity of the aromatic-alkyl
group, the low ionisation potential and the change in the charge transport dynamics are
the factors that contributed to the improvement in the breakdown strength of the FNM
modified systems.
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6.3 Summary

This chapter investigated the e�ect of the inclusion of functional network modifiers on
the di�erent properties of epoxy resin systems. Two functional network modifiers were
considered, namely, glycidyl hexadecyl ether (GHE) and glycidyl 4-nonylphenyl ether
(GNPE). The studied epoxy resin samples were manufactured with varied percentages
(1%, 4%, 10% and 30%) of the epoxide groups supplied by the FNM. The chapter
presented and discussed the e�ect of introducing GHE and GNPE modifiers on the
FTIR, DSC, permittivity, AC breakdown strength and DC conductivity of the neat and
modified systems.

In the case of the GHE modified systems, the FTIR spectra of the neat and GHE modi-
fied systems indicated changes in the spectral regions such as shift in the antisymmetric
stretch CH2 peak, increase in intensity of the peaks at the CH region and the appearance
of a new peak, which are all factors associated with the chemical structure of the GHE
modifier. Therefore, the FTIR measurements proofed the presence of the GHE modifier
within the structure of the cured resin. Similarly, the variation in the FTIR spectra of
the GNPE modified systems indicated the presence of the GNPE in the cured material.

The DSC measurements of the GHE and GNPE modified systems indicated that as the
concentration of the FNM modifier increase in the system, the glass transition tempera-
ture shifts to lower values. It was not possible to measure the Tg of the 30GHE samples,
because the Tg of the 30GHE is located below the temperature range that is accessible
with the equipment. The variation in the Tg of the GHE and GNPE modified systems
is attributed to the possible reduction in the cross-linking density and the free volume
introduced as a results of the retained chains of the FNM.

The data of the real part of the permittivity of the GHE and GNPE modified systems
revealed that the inclusion of both modifiers resulted in a reduction in the real permit-
tivity as a function of the GHE in the system. This is consistent with the fact that
adding the GHE and the GNPE introduces non-polar moieties into the network. The
dielectric measurements were conducted at room temperature, which is above the Tg of
the 30GHE system. Therefore, ionic conductivity was found to dominate the real part of
the permittivity of the 30GHE. The imaginary part of the permittivity of the GHE and
GNPE modified systems indicated the presence of the —- relaxation at room tempera-
ture. The variation in the strength of the —- relaxation was consistent with the Tg values
of the di�erent composition reported. The strength of the —- relaxation is associated
with the motion and frequency of the hydroxyl and change in local structure of the resin
network resulted from the presence of retained functional groups of the FNM. In the
case of the 10GHE systems, the data of the imaginary part of the permittivity indicated
the presence of the –- relaxation attributed to the low Tg of the 10GHE system. For
the 30GHE, the imaginary permittivity of the 30GHE is dominated by a sharp increase
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associated with the conduction correlated to residual chloride ions and the high freedom
of segmental motion above Tg.

The DC conductivity measurements suggests that, generally, the conductivity of the
GHE and GNPE modified systems increase with increasing the FNM concentration.
The conductivity behaviour of the GHE and GNPE modified systems was attributed
to a number of factors, which are (a) ionic conduction in the system, (b) presence of
localised free volume regions in the structure associated with specific functional groups of
the modifier, which alters charge transport dynamics in the system and (c) the reduced
initial viscosity of the modified systems, which increases the cross-linking e�ciency.

The AC breakdown strength of the modified systems increases with the increase in the
GHE and GNPE modifier content up to 4 mol.% of the FNM. Thereafter, the behaviour
is reversed. This behaviour was associated with the presence of the functional groups
of the FNM retained in within the system. Two factors are suggested to explain the
noticed increase in the breakdown strength of the FNM modified systems. The high
electron a�nity of the aromatic-alkyl groups of the added aromatic-alkyl molecules and
the di�erence between the ionisation potential of the functional groups compared to the
ionisation potential of the host polymer.

To sum up, the impact of the inclusion of GHE and GNPE modifiers reported here are
found to rely on the selection of the functional group of the FNM. While a comparable
technique has previously been used as a means for altering the mechanical properties
of epoxy resins, this is the first time to our knowledge that this approach has been
explored in depth as a means of integrating di�erent functional groups into a thermoset-
ting polymer in order to e�ectively customise its properties. While there is no doubt
that some types of fillers improved the properties of thermosetting materials, the pub-
lished literature has highlighted a number of problems associated with dispersion and
filler agglomeration. The use of liquid and low-concentration FNM ≥4% suggested here
appears to o�er a new alternative means of engineering novel materials to meet current
and future needs in an adaptable way. The work reported in this chapter is focused on
providing a comprehensive understanding for the impact of FNM on the di�erent prop-
erties of epoxy resin systems. The next chapter will discuss the impact of the di�erent
curing mechanism on the properties of the FNM modified epoxy resin systems.



Chapter 7

Investigation of the e�ect of di�erent curing mechanisms on the
dielectric properties of modified epoxy resin systems

1In the previous chapter, the e�ect of functional network modifiers FNM on the electrical
properties of epoxy resins was discussed. In this chapter, the e�ect of di�erent curing
mechanisms on the electrical properties of modified epoxy resin systems is investigated.
This will provide fundamental understanding of the dielectric behaviour of the modified
systems which will assist in the detailed dielectric analysis explained in the next chapter.
The current chapter will test the hypothesis which states that changing the type of
hardener (amine or anhydride based material) leads to changes in the curing mechanism,
which would significantly a�ect the dielectric behaviour of the resin network, this is also
the case when the network is altered in a systematic way, using functional network
modifiers.

For this purpose, epoxy resin samples were manufactured using 1 %, 4 %, 10 % and
30 % of the epoxide groups from the TTE functional network modifier. First, the FTIR
spectra of the neat and modified samples were obtained, to illustrate the chemical com-
position of the samples. These samples were cured using amine and anhydride harden-
ers. Then, the glass transition temperature of the modified amine and anhydride cured
samples, was measured. In order to investigate the e�ect of TTE on the dielectric re-
sponse of the neat and modified systems, temperature dependent dielectric spectroscopy
test was conducted for frequency range from 10≠1 Hz to 106 Hz for temperatures from
-160 °C to 180 °C, using 10 °C step temperature. The temperature dependent dielectric
spectroscopy measurements were conducted for the reference samples (neat amine and
anhydride cured resins) and samples modified using 30 % of the epoxide groups from
the TTE (which is the maximum FNM % used in this thesis, i.e provides the strength of
the behaviour), while room temperature dielectric spectroscopy was conducted for the
remaining samples (1 %, 4 % and 10 %), to provide understanding of the trend of the
dielectric behaviour. Finally, the e�ect of TTE on the electrical conductivity was investi-
gated for all the study samples. Analysing the e�ect of FNM on the dielectric behaviour
of the modified systems give insight into the network structure and molecular dynam-
ics. The introduction of the FNM usually results in branched networks with retained
functional groups, the e�ect of these groups on the thermal and electrical behaviour of
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the modified systems is vital to design epoxy based insulating materials modified using
functional network modifiers.

7.1 FTIR Spectroscopy

The FTIR spectra of neat and TTE modified amine cured epoxy resins are presented in
Figure 7.1, while the spectra of the anhydride cured systems are shown in Figure 7.2.
The complete spectra of amine and anhydride cured systems are shown in Figures D.1
and D.3, along with detailed spectra between 1800 cm≠1 to 600 cm≠1 of both systems
are illustrated in Figures D.2 and D.4 in the Appendix D.

In the case of the amine cured systems, the FTIR spectra (see Figure 7.1) indicates four
regions of interest. The first region, starting from the low wavenumber of the spectrum,
is the epoxide groups absorbance peak which is often identified at wavenumber 915 cm≠1

[182–184]. The second region of interest is the absorbance peak of ether groups which
is present at wavenumber range from 1060 cm≠1 to 1150 cm≠1 [135, 145, 167]. Finally
the amine and hydroxyl region at wavenumber 3300 cm≠1 and 3400 cm≠1 receptively
[135, 137, 145, 167, 185, 186].

From Figure 7.1, it can be seen that the inclusion of the TTE a�ected the curing mech-
anism and resulted in a monotonic increase in amine contents of the modified samples.
The stoichiometric ratio of the mixture (resin, FNM and hardener) used to produce
the samples was calculated so that each amine group from the hardener would react
with an epoxide group available in the system (supplied by the resin and/or the FNM).
Since there is an increasing number of unreacted amine groups, this implies that the
corresponding unreacted epoxide groups should appear in the FTIR spectra. However,
the peak associated with the epoxide groups located at wavenumber 915 cm≠1 indicates
insignificant change in the number of unreacted epoxide groups in the systems after
the addition of the TTE (as illustrated in Figure 7.1). On the other hand, there is a
significant increase in the ether groups evident at the region 1060 cm≠1 to 1150 cm≠1

of the spectra. There are two main possible factors which could have resulted in the
increased concentration of ether groups: the chemical structure of the components (resin
and TTE) and the etherification reaction. The stoichiometry was calculated according
to the number of epoxide groups, in each modified system, the % of epoxide groups
from the resin is removed and substituted by the % of epoxide groups supplied by the
FNM. The TTE and the resin contain ether groups within their chemical structure, with
both containing one ether group per epoxide. This means that, before curing reactions
starts, substituting the epoxide groups from the TTE should have negligible e�ect on
the number of ether groups, which is not the case here. Consequently, it is possible to
suggest that the second factor, etherification process which occurs at post-curing, is the
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Figure 7.1: The FT-IR spectra of neat and 30TTE system.

mechanism driving the noticed increase in the absorbance peak of ether links in the mod-
ified systems, which alines with the behaviour of the epoxide peak present at 915 cm≠1.
Similar behaviour has been reported by Vryonis et al [187], where the data proved that
etherification reactions occur at the post-curing process in epoxy resin systems.

In the case of the anhydride cross-linked systems, like the amine cured samples, there
are four regions of interest in the FTIR spectra of the anhydride cured systems presented
in Figure 7.2. These bands includes, the absorbance peak at wavenumber range from
1060 cm≠1 to 1150 cm≠1 associated with the stretch of the C-O of ether groups [135, 188],
the region from 1150 cm≠1 to 1250 cm≠1 related to the stretch of C-O bond of ester
groups [189–191]. In addition to the carbonyl (C=O) peak at 1750 cm≠1, which is often
associated with the presence of the ester groups, while the peak at 3400 cm≠1 is the
absorbance peak of the hydroxyl (OH) groups [137, 167, 185].

During the cross-linking reactions of an anhydride cured system, OH groups are both
generated by the esterification process, and consumed in the anhydride initiation pro-
cess (as explained in the epoxy curing mechanisms discussed in chapter 2). Therefore,
the concentration of the OH groups is varied. Consequently, the absorbance peak at
3400 cm1 in the FTIR spectra of the anhydride cured systems associated with the hy-
droxyl groups does not provide a straight-forward interpretation upon which the con-
centration of the OH groups of the di�erent samples may be compared. Nevertheless,
the FTIR spectra of the anhydride cured systems suggests that the inclusion of the TTE
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Figure 7.2: The FT-IR spectra of neat and 30ATTE system.

resulted in an increase in the ester contents of the modified systems, which is indicated
by the slight increase in the ester absorbance peak and the C-O peak of the ester groups,
as illustrated in Figure 7.2. In addition, the data also reveals that the introduction of
the TTE resulted in decrease in the ether content of the modified samples, as implied
from the C-O peak of ether groups. From the above discussion, it is possible to suggest
that the presence of TTE modifier a�ected the relative probability of esterification and
etherification/homopolymisation reactions. Consequently, the addition of the TTE in-
fluences the network topology of the modified resin systems. Such changes in Tg is often
suggested to be associated with the free volume in the system.

7.2 Di�erential Scanning Calorimetry

The DSC data of the neat and TTE modified epoxy resin systems cured using amine
and anhydride hardeners are shown in Figure 7.3 and Figure 7.4 respectively, while the
derived values of the glass transition temperatures are listed in Table 7.1. In the case of
the amine cured systems, the measured Tg of the neat epoxy resin system is 85.3 ±2°C,
where the addition of 30% of the epoxide groups from the TTE resulted in reduce in
the Tg of the modified system to 68.6 ±2°C. The data of the anhydride cured systems
with similar TTE content, 30ATTE, suggested comparable reduction in Tg, where the
measured Tg of the neat system was 102.9 ±2°C, which was reduced to 87.5 ±2°C for the
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Table 7.1: DSC measurements for reference and
modified epoxy systems.

Sample Tg amine cured Tg anhydride cured
Reference 85.3 102.9
1% 83.4 100.5
4% 80.1 99
10% 78.5 94.15
30% 68.6 87.5

Error in Tg = ±2 °C

30ATTE system [47, 100, 149, 150]. Since the TTE contains a non-reactive methyl group
within its chemical structure (which after curing become retained within the network),
the inclusion of the TTE could have altered the free volume in the modified systems. In
addition, comparing the Tg values of neat samples for both amine and anhydride cured
systems (listed in Table 7.1) indicates that the choice of the hardener also influences
the Tg of the system. Consequently, it is possible to suggests that the changes in the Tg

reported here are associated with both the choice of the hardener and the incorporation
of the TTE modifier. Comparing the molecular structure of the functional group of the
TTE (which is a short methyl chain) with the structure of the functional group of the
GHE (which is a long chain alkyl group, as discussed in chapter 6), suggests that the
functional group of the TTE is expected to have limited influence on the free volume in
the system. This indicates that the Tg of the modified systems is influence by factors
other than the variation in the free volume in the system introduced by the functional
group of the FNM. Indeed, Alhabil et al. [192] attributed the Tg of epoxy resins to the
network topology created during the curing process, while Morgan et al. [193] concluded
that the network structure around the nodes imposes geometric constraints which a�ect
Tg.

In the case of the amine cross-linked systems, the curing process involves the reac-
tion between the epoxide groups with the amine groups of the hardener, which results
in a generation of an OH group and a secondary amine. The subsequent secondary
amine groups are likely to be located between the cross-links, whereas any unreacted
epoxide groups will be located at the chain ends. During the samples preparation,
post-curing process was conducted at constant temperature, where the change in the
Tg resultant from the inclusion of the FNM increased the di�erence between Tg and
the post-curing temperature. This behaviour may changed the relative probability of
cross-linking promoting etherification/homopolymisation reactions of OH groups with
epoxide chain ends. A consequence of this would be an increase in the ether contents
of the system and unreacted, presumably, secondary amine groups. This is consistent
with the increased strength in the absorbance peak of the ether groups evident from
the FTIR spectra shown in Figure 7.1. In addition, the FTIR data also supports the
interpretation that the unreacted amine groups presents in the modified systems. The
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Figure 7.3: The DSC data of the neat and TTE modified amine cured epoxy
resin systems.

Figure 7.4: The DSC data of the neat and TTE modified anhydride cured epoxy
resin systems.
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presence of unreacted secondary amines in the modified systems would increase the con-
tour length between the cross-links, which would promote chain mobility. This aligns
with the decrease in the Tg for the TTE modified systems. Furthermore, substituting
the epoxide groups of the resin with the epoxide groups from the TTE resulted in de-
creasing the composition of aromatic groups in the TTE modified systems. According to
Neville and Lee [3], the aromatic groups influence glass transition process of the system.
The concentration of the aromatic content in the system may be another factor that
contributed to the reduction in the Tg of the amine cured TTE modified resin systems.
From the above account, it is possible to suggest that the Tg of the TTE modified amine
cured systems is associated with a number of factors, which occurs with no specific
order, these factors are (a) variation in the network topology caused by the impact of
the TTE on the probability of the cross-linking reactions, (b) the presence of unreacted
amine groups which may have promoted etherification/homopolymisation reactions and
(c) variation in the aromatic contents in the system resulted from the addition of the
TTE modifier.

In the case of the anhydride cured systems, the curing reactions of the anhydride cross-
linked systems are complex and involves a number of competing processes, this makes the
association between the chemical changes observed from the FTIR spectra and the vari-
ation in the Tg quite challenging. However, the variation in the ester and ether regions
(illustrated in Figure 7.2) suggests that the inclusion of the TTE modifier changed the
cross-linking reaction, which resulted producing systems with di�erent network struc-
tures.

7.3 Dielectric Spectroscopy

To provide an understanding for the relationship between the network topology, reac-
tion pathway and the possible chemical composition of the systems, it was necessary
to further examine the neat and modified systems by considering the behaviour of the
molecular dynamic in these materials. Therefore, temperature dependent dielectric spec-
troscopy data were obtained for the studied systems. During the temperature dependent
dielectric spectroscopy experiment, the dielectric behaviour was recorded at 10 °C in-
terval, for the temperatures range from -160 °C to 180 °C. The dielectric data at the
temperatures between -130 °C and -30 °C are used in this chapter, which were chosen
based on the temperatures recommended by Vryonis et al [187], Ochi et al. [194, 195],
Cuddihy and Moacanin [196]. The detailed temperature dependent dielectric behaviour
of the neat amine cured epoxy resin systems are presented in Figures D.6, D.7 and D.8,
while the data of the modified amine cured systems are shown in Figures D.9, D.10 and
D.11, all located in Appendix D. Furthermore, the temperature dependent dielectric be-
haviour of the neat anhydride cured epoxy resin systems are shown in Figures D.12, D.13
and D.14, while the data of the TTE modified anhydride cured systems are illustrated
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in Figures D.15, D.16 and D.17, in Appendix D. To indicate the extent of the dielec-
tric behaviour, the temperature dependent dielectric measurements were conducted for
the reference samples (neat amine and anhydride systems), and samples modified using
30 % of the epoxide groups from the TTE modifier, where as room temperature di-
electric measurements were used to provide understanding of the general change in the
dielectric behaviour for samples modified with 1 %, 4 % and 10 %. The data of the real
and imaginary parts of the complex permittivity for the neat and TTE modified amine
cured systems are shown in Figure D.18 and Figure D.19, while the complex permittivity
of the anhydride cross-linked systems are illustrated in Figure D.20 and Figure D.21 in
Appendix D.

First consider the e�ect of TTE on the molecular dynamics of amine cured systems,
shown in Figure 7.5. At frequency range from 10≠1 Hz to 104 Hz, the “ relaxation
appear as a broad peak, which implies that this relaxation originates from the motion of
a number of dipolar species that are constrained by di�erent environments. Figure 7.5
demonstrates that the strength of the “ relaxation of the modified systems is, generally,
higher compared to the strength of the “ relaxation observed for the reference material.
The extent of the “ relaxation is often related to the presence of di�erent terminal groups
in the system, including unreacted amine and epoxide groups [1, 149]. It is evident from
the FTIR absorbance (Figure 7.1) that the TTE modified samples contains an increasing
number of unreacted amine groups, which aligns with the increased strength of the “

relaxation. In a study on the dielectric properties of epoxy resins conducted by Hassan
et al. [197], it was concluded that “ relaxation is associated with the motion of amino-
diphenyl groups which enhance the mobility between cross-links. In addition, Jilani et al.
[160] stated that ether groups are the key links that act as facilitator for the movement
of the interposed molecules. In the current case, in formulating the modified samples,
parts of the resin are being substituted by the TTE, consequently, reducing the number
of diphenyl groups in the TTE modified samples compared to that of the neat systems.
Therefore, it is possible to suggest that the increased strength of the “ relaxation noticed
here is attributed to (a) the presence of unreacted dipolar molecules in the TTE modified
systems; (b) the rotation of the moieties associated with the amine groups retained
between the network nodes; and (c) the increase in the molecular mobility facilitated by
the incorporation of a higher number of ether link and reduced aromatic content present
in the modified topologies.

Regarding the — relaxation of the amine cured systems, it appears at frequency range
from 0.1 Hz to 10 Hz as an increasing plateau in Figure 7.5(c) and a complete peak
in Figure 7.5(d). The data suggests that the strength of the — relaxation is higher in
the neat system compared to the strength of the — in the 30TTE system. For amine
cured epoxy resins, it is generally accepted that the — relaxation is associated with
(-CH2-CH(OH)-CH2-O-) hydroxylether groups formed during the cross-linking process
[149, 169, 194, 197–200]. As such, the noticed decrease in the strength of the — relaxation
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(a) -130 °C

(b) -110 °C

(c) -90 °C

(d) -70 °C

Figure 7.5: Imaginary part of complex permittivity of reference and modified
amine-cured resins at temperatures (a) -130 °C, (b) -110 °C, (c) -90 °C and (d)
-70 °C.
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of the 30TTE system aligns with the reported increase in the unreacted amine of the
30TTE evident from the FTIR spectra, which suggests that the modified systems have
reduced cross-link density compared to that of the reference material. In addition to
the — relaxation, Figure 7.5(d) features a second weaker process at frequencies above
100 Hz in the dielectric spectra of the 30TTE sample. By considering the intermediate
temperatures, illustrated in Figures D.9 in Appendix D, it is possible to suggest that
the noted dielectric feature is a bifurcation of the “ relaxation, which is still partially
visible at -70 °C within the accessible frequency, while the comparable fraction of the
“ relaxation of the neat epoxy is located at higher frequencies, thus, not apparent in
the accessible frequency range. This interpretation aligns with the dielectric behaviour
of the neat and 30TTE systems shown in Figure 7.5. According to Mikolajczak et al.
[161], the “ and — relaxations are associated with the motion of molecules with di�erent
activation energy where each relaxation is constrained by the environment around the
related dipolar species. Hassan et al. [197] suggested that variation the contour length
of the molecular chains between the network nodes results in bifurcation of the dielectric
relaxation. Therefore, a possible interpretation for the dielectric behaviour illustrated
in Figure 7.5(d) is that there are a number of dipoles contributing to the behaviour,
where the motion of each dipolar species is constrained by di�erent environments, this
would impact the contribution of the polar groups in the relaxation process and alter
the temperature dependencies of the relaxation.

Turning now to the dielectric behaviour of the anhydride cured systems shown in Fig-
ure 7.6. Generally, the “ relaxation appears as a pronounced peak rather than a broad
feature (compared to the “ relaxation in the case of the amine cured systems indicated in
7.5(a)). In the anhydride cross-linked reference system, the “ relaxation reached a max-
imum strength at frequency ≥40 Hz, which increases in strength and shifts to a lower
frequency ≥5 Hz after the addition of the TTE modifier, as illustrated in Figure 7.6(a).
Menczel and Prime [149] stated that the frequency displacement of a dielectric relaxation
can be associated with the variation in the molecular structure and dipolar configura-
tion in the system. Therefore, it is possible to suggest that the noticed change in the
behaviour of the “ relaxation of the 30ATTE system could be attributed to the increase
in the number of dipoles and the constrained environment resulted from the addition
of TTE, which alines with the FTIR data presented in Figure 7.2. Indeed, increasing
the temperature to -110 °C resulted in further shift in frequency and increase in the
strength of the “ relaxation of both neat and TTE modified anhydride cured systems,
as shown in Figure 7.6(b). The data acquired at the intermediate temperatures up to
-70 °C suggests that the significantly increasing peak located at frequencies below 1 Hz
is associated with — relaxation, as shown in Figure 7.6(c) ( the related intermediate
temperatures are shown in Figures D.12 to D.17, in Appendix D).

The FTIR spectra of the neat and 30ATTE presented in Figure 7.2, suggests variation
in the proportion of the ether and ester groups. It is also evident from the FTIR data
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(a) -130 °C

(b) -110 °C

(c) -70 °C

(d) -30 °C

Figure 7.6: Imaginary part of complex permittivity of reference and modified
anhydride cured resins at temperatures (a) -130 °C, (b) -110 °C, (c) -70 °C and
(d) -30 °C.



96
Chapter 7 Investigation of the e�ect of di�erent curing mechanisms on the dielectric

properties of modified epoxy resin systems

that the variation in the curing processes resulted from the introduction of the TTE
modifier rather than change in the composition of ether groups, as both the TTE and
the resin contains one ether group per epoxide groups within its chemical structure.
While — relaxation of amine cured systems is investigated in a large body of literature,
similar behaviour in anhydride cured systems have attracted less attention. Indeed,
Cuddihy and Moacanin [196] have studied the impact of di�erent anhydride hardeners
on the curing mechanisms of epoxy resins, where it was concluded that diester segments
created during the curing reactions influence the motion of interposed groups to a degree
determined by local steric factors. These findings are similar to recommendation of Jilani
et al. [160] reported for amine cured systems. Therefore, it can be proposed that the —

relaxation of the modified system may be attributed to the conformational motion of the
molecules provided by the diester links, where the strength of the — relaxation is linked to
the cross linking density. In addition, based on the FTIR spectra of the anhydride cured
systems shown in Figure 7.2, the data indicates that the cross-linking mechanisms were
a�ected by the inclusion of the TTE, where the data reveals stronger ester absorbance
peak for the 30ATTE system compared to that of the reference material, whereas, the
ether absorbance peaks were stronger in the spectra of the neat epoxy than in the FTIR
data of the 30ATTE. This increase in the ether content is a result of the the reaction
of the OH groups with the epoxide groups in the system. The molecular structure of
the DGEBA contains reactive hydroxyl groups, while the structure of the TTE lacks
any potential OH groups. Consequently, the structure of the cured neat systems is
expected to contain higher concentration of hydroxyl groups compared to that of the
TTE modified systems. Therefore, the slight increase in the ether content in the neat
system evident from the FTIR spectra may result from the reaction between the epoxide
groups and the OH in the system in a homopolymerization reaction. From the above
account, it can be seen that the data of the DSC, FTIR and dielectric spectroscopy
correlates well with each other, where the high Tg of the neat systems suggest a highly
cross-linked system, which aligns with the increase in the strength of the — relaxation
associated with the high hydroxyl content. Where the hydroxyl are formed during both
the cross-linking reactions (evident from Tg) and the additional cross links generated by
homopolymerization reactions (suggested from the FTIR data).

The homopolymerization process consumes the epoxide groups retained in the system.
As the same stoichiometric ratio of epoxide groups to active groups of the anhydride
hardener were used in both the neat and TTE modified systems, an increase in the
epoxide groups consumed through etherification and homopolymerisation (reaction of
an epoxide group with an OH group), compared to the relative consumption of epoxide
groups through esterification (reaction of an epoxide group with the anhydride hardener),
suggests a change in the number of the related species trapped in the system. In addition,
it is reasonable to suggest that some active groups may become retained in the network
after vitrification, most of these residues are likely to be located at chains that ends with
the unreacted epoxide and/or anhydride groups. Consequently, it is possible to suggests
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that the variation in the strength of the “ relaxation (shown in Figure 7.2) is associated
with changes in the number of terminal groups after the inclusion of the TTE modifier.

From the discussion presented above, it can be seen that the dielectric relaxation was
explained in terms of the chemical variation observed by the FTIR data. Based on the
findings of some studies [159, 198, 201, 202], it was possible to propose a relationship
between the chemical species and the dielectric relaxations in the studied systems. It
is suggested that the data reported here implies that the dielectric behaviour is not
governed only by the dipolar species, but the environment around the dipolar units also
plays an important role in determining the dielectric behaviour. Due to the complex
network architecture of the epoxy cross-linked systems, molecular dynamic simulations
are quite challenging and, to the time of writing this research, most of the studies
that reported simulations for molecular dynamics of epoxy resin system did not con-
sider the dielectric relaxations [203–206]. However, detailed analysis were conducted for
thermoplastic materials that feature a high Tg and comprises ether links and aromatic
structures. As such, these systems have parallels with the chemical structure of the neat
and TTE modified systems reported here.

In the study conducted by McGonigl et al. [207], dynamic mechanical thermal analysis
combined with dielectric relaxation analysis were conducted for three di�erent polymeric
materials, namely, polyethylene naphthalate (PEN), polyethylene terephthalate (PET)
and a series of polyethylene terephthalate coethylene naphthalate (PETN). In this work,
McGonigl et al. associated the variation in the strength of the — relaxation with the
movement of dipolar units present in di�erent local environment, where the localised
chain motions associated with the — relaxation were suggested to be limited for densely
packed structures. In a study conducted by Verot et al. [208] a double — relaxation was
observed from the dielectric analysis of the poly(aryl ether ether ketone) (PEEK). The
observed behaviour of the — relaxation was attributed to the gear rotation type motion
of diphenyl ketone (DPK) groups. Specifically, these — relaxations were associated with
the motion of two class of DPK units, in the first — relaxation, the units are located
in a single molecule but remote from one another. While in the second — relaxation,
the behaviour was related to DPK units located in closer proximity to each other but
present in chain ends that described as ”entangled or ball-forming” configurations. In
addition, the data of Verot et al. [208] also suggested the presence of “ relaxation
located at temperatures below the temperatures at which the double — relaxations were
observed. Verot et al. associated the “ relaxation with the highly localised wagging of
polar bridges, where the rise in the temperature would progressively transform it to —

associated motion. Aurélie et al. [209], also examined the behaviour of the — and “

relaxations in PEEK, where it was reported that the “ relaxations is associated with
the the localised rotational mobility of phenylene groups. Whereas, the — relaxation
was attributed to the displacement of conformational defects in the system. Aurélie
et al. suggested that the molecules cooperative mobility take place in all processes (“,
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— and –), where the level of intermolecular cooperative mobility increases on moving
from low temperature relaxations (“ and —) to the high temperature relaxations (–
process). Therefore, it is perhaps more accurate to propose the dielectric relaxations
are inter-related in nature where the relaxations originate from the small dipolar unit
through to larger molecular segment in the system, rather than attributing the relaxation
processes exclusively with di�erent dipolar species. Similar findings were reported for
the – relaxation in amorphous materials by Rault [210], where – relaxation was claimed
to originate from a number of — type processes.

To sum up, several studies have investigated the dielectric response of epoxy resin sys-
tems, where the di�erent relaxations were suggested to originate from varied molecular
origins. The association between the dipolar species and the local network structure
is an important factor in determining the behaviour of the dielectric relaxation. Here,
the “ relaxation was attributed to the motion of small dipolar units such as unreacted
secondary amines, terminal epoxide groups and unreacted chain ends with anhydride
residue. The — relaxation of the amine and anhydride cross-linked system is related to
the motion of segments generated during the curing process, which are hydroxylether
groups (-CH2-CH(OH)-CH2-O-) in the amine cured systems and diester segments in the
case of the anhydride cured systems.

7.4 Electrical Conductivity

The electrical conductivity measured for the amine and anhydride cured for both neat
and TTE modified systems are presented in Figure 7.7. The quoted values correspond
to the average of the last one hundred measurement points obtained from three di�erent
samples of the same composition and the uncertainties correspond to the associated
standard deviation. As can be seen from the Figure 7.7, prior to the inclusion of the TTE
modifier, comparble DC conductivity is reported for the reference system for both the
amine and the anhydride cured, about 10.3±0.5ú10≠18 S/cm and 3.4±1.3ú10≠18 S/cm
respectively. This indicates that the type of the hardener has limited influence on the
conductivity of the cured system. By varying the system topology, the data of the DC
conductivity of the amine cured systems indicates significant variation in the electrical
conductivity compared to the change in the conductivity of the modified anhydride cured
systems. This behaviour could be explained by the existence of four factors, which are
(a) the presence of unreacted groups from the resin and hardener (revealed by the FTIR
data), (b) the inclusion of moieties explicitly present through the addition of the FNM,
(c) the influence of the unreacted part of the FNM and (d) the variation in the free
volume and the associated change in network topology.

The TTE modifier features three terminal epoxide groups within its chemical structure.
This means that the TTE contributes to the curing process and that its functional



Chapter 7 Investigation of the e�ect of di�erent curing mechanisms on the dielectric

properties of modified epoxy resin systems 99

Figure 7.7: The electrical conductivity of the reference and modified amine and
anhydride cured resins.

group (methyl groups) of the TTE become retained in the system after curing, which
results in forming a network with branched structure. The DC conductivity of epoxy
resin systems modified by the inclusion of GHE and GNPE modifiers, indicated the the
presence of alkyl chains influence the electrical conductivity of the modified systems, as
it was discussed in chapter 6, which is not the case here. The DC conductivity data of the
anhydride cured systems reported here indicates that the inclusion of varied percentages
of the TTE resulted in an insignificant variation in the the electrical conductivity of
the modified systems. Consequently, the data suggests that the presence of the methyl
group in the structure of the modified systems, may not be the factor that is responsible
for the variation in the DC conductivity of the amine cured systems [175, 211].

Analysis of the conductivity behaviour in polyethylene with excess electrons suggested
the presence of localised regions of free volume, which features electrons located in low
energy states where these regions may be transformed within the network. Whereas,
based on the discussion of the Tg of the amine and anhydride cured systems, it is not
accurate to associate the variation in the electrical conductivity with the change in the
free volume in the system. Furthermore, Cubero and Quirke [180] suggested that excess
electrons become self-trapped in the system as localised polarons, where the calculated
self-trapping energy was reported to be small leading to the suggestion that mechanism
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such as phonon assisted hopping may be the mechanism upon which charges travel
through the system. From the discussion of dielectric data presented above, it can be
seen that the variation in the molecular dynamics is associated with the inclusion of the
TTE modifier in both the amine and anhydride cured systems, since similar behaviour
was not present in the DC conductivity measurements of the anhydride cured systems
(invariant DC conductivity), it is possible to suggest that the variation in the molecular
dynamics is unlikely to be the factor that influences the conductivity.

Turning now to the electrical behaviour of the amine cured systems, unlike the anhydride
systems, several studies have investigated the charge transport in amine cross-linked
epoxy resin systems [3, 212]. These studies suggested that the electrical conductivity
of the amine cured systems is correlated with the linkage generated between the amine
hardener and the epoxide groups formed during the curing reactions, while Alhabill et
al reported higher DC conductivity for amine rich epoxy resin systems [113]. As was
indicated from the dielectric spectroscopy data and confirmed from the FTIR spectra,
unreacted secondary amine groups are present in the TTE modified amine cured systems.
Therefore, it is possible to suggest that the electrical conductivity of the amine cured
systems is associated with variation in the charge transport behaviour resulted from
the presence of the functional groups in the modified systems. This conclusion is in
good agreement with the findings of Meunier and Quirke [179], where it was suggested
that the charge transport dynamics are influenced by the presence of molecules that are
electrically responsive to the electric field (amine groups in the current work).

7.5 Summary

In this chapter, the dielectric behaviour of the modified amine and anhydride cured epoxy
resin systems was investigated. The influence of the e�ect of di�erent curing mechanisms
on the FTIR, DSC, dielectric spectroscopy and DC conductivity of the modified epoxy
resin systems were also examined. The FTIR spectra showed that etherification reac-
tions resulted in an increase in the concentration of ether groups. Since the chemical
structure of the TTE features one ether group per epoxide group, which is similar to
the resin, the change in the chemical composition of the modifier was suggested to have
insignificant influence on ether groups. In anhydride cured systems, the FTIR data sug-
gested that the TTE modifier influences the network topology of the resin through the
cross-linking reactions by promoting esterification process and reducing the probability
of etherification mechanism.

The glass transition temperatures of both systems were reduced after the introduction
of the FNM. The shift in Tg was associated with two factors, namely, the type of the
hardener and the influence on the TTE on the network topology resulted from the
variation in the curing reactions after the addition of the TTE.
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The inclusion of the FNM resulted in altering the molecular dynamics of the resin. The
extent of “ relaxation of the amine cured FNM modified resins were higher compared to
the unmodified systems. This was correlated to three factors, the presence of retained
dipolar molecules in the TTE modified systems, the rotation of the amino-diphenyl
groups, and the increase in molecular mobility facilitated by the incorporation of a
higher number of ether link resulted from the modified network topologies. The e�ect
of TTE on — relaxation was interpreted by the nature of the restrained environments
that constrained the dipoles after the introduction of the TTE.

In the case of the anhydride cured systems, the etherification process evident from the
FTIR was used to explain the extent of — relaxation, where the later is associated with
the cross linking density. On the other hand, the “ relaxation of the anhydride resins
was associated with the same factors that influenced “ of the amine systems.

Finally, the electrical conductivity was suggested to be influenced by four factors, which
are, the presence of unreacted functional groups from the resin and hardener or moieties
explicitly introduced through the inclusion of the FNM, the influence of the unreacted
part of the FNM, variation in the free volume and change in network topology.

To sum up, the presence of the functional network modifier has influenced the chemical,
thermal and electrical properties of both systems. The behaviour is more complex
with the anhydride cured materials as the curing mechanisms involve generation and
consumption of hydroxyl groups. Literature lacks detailed analysis of the dielectric
behaviour of anhydride cured resins, while the presence of the FNM makes providing
unambiguous interpretation for the behaviour more challenging. Therefore, the next
chapter will conduct a detailed analysis for the dielectric molecular relaxation of neat
and FNM modified anhydride cured systems.





Chapter 8

Investigation of the e�ect of the functional network modifiers on the
molecular dynamics of complex epoxy resin systems

The previous chapter has shown that the molecular dynamics in modified epoxy resin
systems are related to the network topology, curing mechanism and the retained groups
in the system. The influence of these factors on the molecular dynamics such as the
activation energy of dipole relaxations, the molecular origins of the dielectric loss and
charge transport process, remain to be understood. There is still a considerable vari-
ability in the literature regarding the origin of the molecular relaxations in epoxy resin
systems (especially, — and “ relaxations). Perhaps the main reasons for the reported
inconsistencies could be due to variation in the resin curing mechanism, inconsistent
preparation methods and unknown percent of unreacted groups retained in the system.
Most of the results reported in literature failed to address the e�ect of variations in the
resin network architecture on the molecular dynamics, particularly, in complex systems
such as anhydride cured resins where the material goes through multi complex curing
mechanisms before it becomes fully cured. Due to the existence of terminal groups in
epoxy resins networks, they are highly likely to a�ect the molecular dynamics of the
resin system. While the previous chapter has shown that retained functional groups of
the FNM influence the molecular dynamics in both amine and anhydride cured systems,
it is hypothesised that the chemical structure of the FNM could be a detrimental factor
for the a�ect of FNM on the dielectric properties of the tested systems. Therefore, the
work described in this chapter is set out to investigate the e�ect of altering the net-
work structure using di�erent percentages of two functional network modifiers (GHE
and GNPE) on the molecular dynamics of complex epoxy resin systems. The FNM
considered here were chosen so as to enhance molecular mobility without directly intro-
ducing additional dipolar relaxations or charge carriers into the system. This will test
the hypothesis which state that modification of the resin structure a�ect the molecular
dynamics, and that the “ and — relaxations are associated with retained groups, while
– relaxation is related to segmental movement of main-chains, the consequent dipole
relaxation activates charge transport above Tg.

8.1 Di�erential Scanning Calorimetry

To understand the molecular dynamics of modified anhydride cured epoxy resins, sam-
ples were manufactured with 30 % of the epoxide groups supplied from GHE and GNPE
modifiers.The reasons for selecting this specific percentage of the FNM is due to the
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Table 8.1: DSC measurements for reference and modified epoxy systems

Sample Tg (± 2 °C)
Reference 102
30AGNPE 52
30AGHE 36
20AGHE 50

fact that increasing the loading beyond 30 %, in most FNM such as GHE, GNPE and
TTE, would result in decreasing Tg below room temperature, which makes measuring
some properties and obtaining exact values quite a challenge. This especially applies for
the amine cured systems where the addition of 30 % of the epoxide groups of the GHE
resulted in shifting Tg out of the accessible limit of the experimental setup. Therefore, to
make comparisons between the amine and anhydride cured system, whenever possible,
30 % is the maximum percentage of the epoxide groups introduced by the FNM used
in this work. As will be explained later in this chapter, to understand the e�ect of the
GHE and compare the e�ect of GHE functional groups with that of the GNPE, GHE
modified samples were made with a certain percentage so that the Tg of GHE systems is
the same as Tg of the GNPE modified materials. The required percentage of the epoxide
groups from the GHE was found to be 20 %. Accordingly, in addition to the 30 %
GHE and GNPE anhydride cured systems, GHE modified samples were produced with
20 % loading. The di�erent properties of the modified samples were compared with that
of the reference material, which is a neat anhydride cured DER 332 epoxy resin. The
glass transition temperatures of the reference and modified anhydride cured resins are
illustrated in Table 8.1.

As expected, the addition of both FNM molecules results in a general reduction in Tg.
By comparing the e�ect of GHE and GNPE on Tg reported in Table 8.1, it can be seen
that 30AGHE and 30AGNPE resulted in shifting Tg to lower temperatures by 66 ± 2 °C
and 50 ± 2 °C respectively. This can be explained due to: first the alkyl chain in GHE
contains sixteen carbon atoms while that in GNPE contains only nine. Consequently,
additional free volume will be introduced by the GHE, which is consistent with published
work on the e�ect of GHE on Tg [213], and FNM with long chain alkyl groups [115].
Secondly, the GNPE contains an aromatic ring within its chemical structure, these rings
may interact with the aromatic rings within the backbone of the epoxy network, thereby
restricting the mobility of the overall branching moiety. This process is consistent with
the e�ect of aromatic structures on the thermal stability of epoxy resins suggested by
Neville and Lee [3] and Tg reported by Babayevsky and Gillham [178]
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8.2 Electrical Conductivity

The e�ect of the temperature on the electrical conduction in the neat and modified
material systems is shown in Figure 8.1 and Figure 8.2. In the case of the unmodified
systems, the current measured after 100 s falls below the equipment limit and cannot
be di�erentiated reliably from instrumental noise. Therefore, values of the conductivity
were limited to 100 s, as shown in Figure 8.1.

Generally, all the modified systems exhibited a higher conductivity compared to the
reference material with behaviour varying according to the functional group of the FNM
and the temperature of the measurements. For example, compare the conductivity of the
unmodified specimens (all measurements were conducted below Tg which is 102 ± 2 °C)
with the conductivity of 30AGHE (where the measurements were obtained above and
below Tg which is 36 ± 2 °C). For the unmodified systems, the conductivity increased
with increasing temperature, where similar behaviour was noticed for the 30AGHE sys-
tems in the glassy state (below Tg). When the measurements where conducted in the
rubbery state at 50 °C, which is well above the measured Tg, the conductivity increased
by several orders of magnitude, as shown in Figure 8.2(a). Also the inclusion of the FNM
resulted in an increase in the conductivity of the modified systems and a comparable
time dependence to that of the neat system.

To further illustrate the behaviour of the di�erent material formulations, consider the
values for the transient conductivity after 100 s (‡100) and the initial conductivity (‡i),
as illustrated in Figure 8.3 and Figure E.1 respectively. The values of ‡i and ‡100 are
determined for each system by averaging the initial 10 data points and the final 10 data
points up to 100 s. The 100 s time scale was selected based on the experimental setup
explained in section 4.6 in chapter 4, where it was found that measurements conducted
at high temperatures reach a stable state at about 100 s and the data obtained at low
temperature measurements indicated an acceptable noise levels. While, after 100 s, the
data acquired at low temperatures become dominated by noise as the obtained data falls
below the accessible limit by the equipment (an example of the electrical conductivity
measurements conducted at time up to 1000 s is presented in Figure E.3 located in
appendix E). From Figure 8.1 and Figure 8.2, the dependence of the conductivity on
the temperature for the reference and modified samples obeys Arrhenius equation. By
considering ‡100 as the rate constant, the power law equation can be represented as:

‡100 = Aexp
3

≠ Ea

kT

4
(8.1)

From Figure 8.3 the following can be suggested:

• The neat system, depicted a time dependent variation in ‡100 with low activation
energy (Ea=0.1 ±0.01 eV) which results from transient conduction.
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(a) Temperature dependent conductivity of reference epoxy resin system

(b) Temperature dependent conductivity of 30AGNPE system

Figure 8.1: Variation of the conductivity with time at an applied field of
5.5 kV mm≠1 from 20 °C to 70 °C for (a) the reference epoxy resin (DSC
Tg = 102 ± 2 °C) and (b) the 30AGNPE samples (DSC Tg = 52 ± 2 °C).
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(a) Temperature dependent conductivity of 30AGHE system

(b) Temperature dependent conductivity of 20AGHE system

Figure 8.2: Variation of the conductivity with time at an applied field of
5.5 kV mm≠1 from 20 °C to 70 °C for (a) 30AGHE samples (DSC Tg = 36 ± 2 °C)
and (b) the 20AGHE samples (DSC Tg = 50 ± 2 °C).
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Figure 8.3: Variation of the conductivity, as represented by the quantity ‡100,
with time at an applied field of 5.5 kV mm≠1 from 20 °C to 70 °C for the
di�erent material formulations.

• ‡100 of systems modified using GHE measured in the glassy state (below Tg =
36 ± 2 °C and Tg = 50 ± 2 °C for the 30AGHE and 20AGHE respectively),
illustrated similar behaviour to that of the neat system with higher activation
energy (Ea=0.50 ±0.02 eV and Ea=0.39 ±0.05 eV for the 30AGHE and 20AGHE
respectively).

• ‡100 of the GHE modified systems measured at the rubbery state (above Tg, at
specific temperatures 40 °C for the 30AGHE and 50 °C for the 20AGHE) illus-
trated time independent behaviour which seems to be a DC conductivity with high
activation energy ( Ea=1.19 ±0.02 eV and Ea=1.00 ±0.03 eV for the 30AGHE and
20AGHE respectively).

• For the GNPE modified systems, the activation energy of ‡100 for the process
above Tg is low (Ea= 0.33 ±0.05 eV) compared to samples modified using GHE.
Similarly, the increase in the conductivity resulting from the inclusion of 30% of
the epoxide groups from the GNPE is lower than that of the GHE for the same
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loading. This suggests that the conductivity is modified using di�erent charge
transport processes in GNPS compared to that in GHE.

The above reflects the fact that the current is produced by two di�erent processes, DC
conductivity and a transient conductivity where the transition between the two processes
is governed by the glass transition temperature of the system and the functional groups
of the modifier.

Now consider the variation of current with time, t, which is commonly described by the
Curie-von Schweidler power law relationship [214–216].

I(t) = at≠b (8.2)

In this equation, I is the current, t is the time after application or removal of the
field, a and b are constants. Data sets of the reference and modified regimes (shown in
Figure 8.1 and Figure 8.2) were initially fitted using Equation 8.2 with both a and b as
free regression parameters. Figure 8.4 presents a comparison between the values of the
constant a and ‡i. In this figure, parameter a was set as a free regression parameter
where parameter b was set to a fixed value or a free regression parameter. The generated
values for parameter a aligns perfectly with ‡i, as shown in Figure 8.4, which indicated
the consistency of the method utilised. The determined values of parameter b are shown
in Figure 8.5.

Figure 8.4: Values of parameter a compared with ‡i, illustrating the e�ect of
altering parameter b on the values of a.

From Figure 8.5 it is evident that the data fall into two groupings: values of b around
zero, which correspond to a time invariant DC conduction process and values of b
between 0.50 and 0.80 corresponding to an AC conductivity that will give rise to a
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Figure 8.5: Values of fitting parameter b.

dispersion in the dielectric response. As a result, the allowable range representing the
best fit estimated by taking the mean values of b is zero and 0.6 are close to what is
observed which was used for the fitting. All the data of the reference epoxy presented in
Figure 8.1 and Figure 8.5 correspond to systems that were in the glassy state. Similarly,
when 20AGHE and 30AGHE are glassy, the conductivity varies with time in a similar
manner whereas, above Tg, it becomes time invariant (b = 0). However, in the case
of 30AGNPE, taking b = 0.68 both below and above Tg provides a good fit to the
experimental data, suggesting that the process of charge transport is modified in di�erent
ways in systems containing GHE and GNPE ( see Figure E.2).

8.3 Dielectric Spectroscopy Analysis

As the epoxy resin reacts chemically with the hardener, during the curing process, molec-
ular di�usion decreases until no more reactions are possible, whereupon development of
the structure is virtually halted. This a�ects the DC or ionic conductivity in the sys-
tem, while the formation of the hydroxyl groups in the cross-linking process results in a
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reduction in the possibility of proton conduction (subatomic particle with equal positive
and negative electric charges) along the H-bonds of the resin [47].

Indeed, the formation of the cross-links also influences the number of dipoles associ-
ated with the bonding of the chemical groups (which later reach a thermally stable
configuration) where the orientation and polarisation of these dipoles contribute to the
permittivity of the material. Thus, in addition to the e�ect of the inclusion of FNM
on the conductivity, the complex permittivity and molecular dynamics of the modified
systems are also altered. The temperature dependent imaginary part of the complex
permittivity of the neat anhydride cured epoxy resin systems and resins modified using
GNPE and GHE is shown in Figures 8.7, 8.8, 8.9 and 8.10 respectively. The associated
plots of the real part of the complex permittivity are illustrated in Appendix E.
Generally, there are four main features of interest in the graphs of the imaginary part
of the complex permittivity. These processes (labeled as process 1 to process 4) are
explained in the next section where the e�ects of the di�erent functional groups of the
FNM are illustrated.

In order to provide a better understanding of the e�ect of each FNM on the — and “ relax-
ations, it is necessary to examine the e�ect of the FNM on each relaxation separately by
using a relaxation model. Functions such as Cole-Cole, Cole-Davidson, Havriliak-Negami
and Dissado-Hill, are examples of models used to investigate the dielectric behvaiour and
charge motion in polymeric materials. Empirical formulas (Cole-Cole, Cole-Davidson,
Havriliak-Negami) provide a physical interpretation for the charge behaviour and mor-
phology in dielectric materials, while the Dissado-Hill model also considers the e�ect
of the interaction between the microscopic groups in the material [1, 217]. The frac-
tal mode proposed by Dissado-Hill provides an understanding of the charge motion at
low frequency and high temperature [218, 219], whereas the Havriliak-Negami describes
the dielectric relaxation at lower temperatures [220]. Since the — and “ occur at low
temperatures (below 0°C) the temperature dependent imaginary part of the dielectric
spectroscopy for the di�erent systems was fitted using the Havriliak-Negami (HN) fit-
ting function. Detailed graphs of the experimental data along with their HN fit and
the deconvolved peaks for the molecular relaxations of all the system are plotted in
Appendix E, an example of the HN fitting of the data is shown in Figure 8.6. The
temperature dependence of the — and “ peaks for the di�erent systems deconvoluted
using Havriliak–Negami fit are shown in Figures 8.7, 8.8, 8.9 and 8.10.

8.3.1 Process 1 (charge transport)

The mobility of charge carriers in a material induced via an external field results in a DC
(ohmic) conductivity term contributing to the dielectric response of the system. Charge
transport in an epoxy resin may be observed as an increase in the magnitude (invariant
of the frequency) of the complex permittivity at the low frequency end of the dielectric
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Figure 8.6: An example of Havriliak–Negami fitting showing — and “ deconvo-
luted peaks for the imaginary part of the complex permittivity of a 20AGHE
system at -90 °C.

spectrum [1]. This process is referred to as process 1 in this study. It is important to
distinguish between the conductivity contribution and the electrode polarisation pro-
cess which could mask the e�ect of the conductivity. The electrode polarisation is the
non-Ohmic barrier that results from the accumulation of charge carriers between the
conductive surface of the electrode and the sample, creating a large dipole [1, 47, 130].
According to Kremer and Schonhals [1], if the real ÁÕ and imaginary ÁÕÕ parts of the com-
plex permittivity were plotted with temperature as a parameter, the slope of ÁÕÕ can be
used to determine the type of the charge transport. Where the non-ohmic conductivity
shows a slope of greater than -1 (slopepolrisation >-1), while the ohmic DC conductivity
term has a slope that equals unity (slopeDC = -1), as shown in Figure 8.11. The illus-
tration suggested by Kremer and Schonhals explained above, was adopted to investigate
charge transport in the neat, GNPE and GHE modified systems in this study, as shown
in Figure 8.12 and Figure 8.13.

In the case of the neat epoxy resin, the slope of the imaginary part of the permittivity
calculated at the maximum measured temperature (180 °C) equates to -0.97, which is
accompanied by an insignificant increase in the real permittivity compared to the change
in the real permittivity of the other samples (as depicted in Figure 8.12 and in more
details in Figure E.4(a)). For the 30AGNPE, 30AGHE and 20AGHE systems, the slope
of the imaginary permittivity at 180 °C is -0.97 ±0.004, -0.99 ±0.008 and -0.98 ±0.005



Chapter 8 Investigation of the e�ect of the functional network modifiers on the

molecular dynamics of complex epoxy resin systems 113

Process 1 Process 3 Process 4

Beta Gamma

Figure 8.7: Dielectric response and analysis of the neat epoxy resin system
showing 3D representation of the imaginary part of the dielectric loss, which
illustrates deconvoluted temperature dependence of “ and — relaxation peaks
using Havriliak–Negami fit. The top 3 are Arrhenius plot for the characteristic
relaxation frequency of the di�erent processes.



114
Chapter 8 Investigation of the e�ect of the functional network modifiers on the

molecular dynamics of complex epoxy resin systems

Process 1 Process 3 Process 4

Beta Gamma

Figure 8.8: Dielectric response and analysis of the 30AGNPE epoxy resin system
showing 3D representation of the imaginary part of the dielectric loss, which
illustrates deconvoluted temperature dependence of “ and — relaxation peaks
using Havriliak–Negami fit. The top 3 are Arrhenius plot for the characteristic
relaxation frequency of the di�erent processes.
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Process 1 Process 3 Process 4

Beta Gamma

Figure 8.9: Dielectric response and analysis of the 30AGHE epoxy resin system
showing 3D representation of the imaginary part of the dielectric loss, which
illustrates deconvoluted temperature dependence of “ and — relaxation peaks
using Havriliak–Negami fit. The top 3 are Arrhenius plot for the characteristic
relaxation frequency of the di�erent processes.
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Process 1 Process 3 Process 4

Beta Gamma

Figure 8.10: Dielectric response and analysis of the 20AGHE epoxy resin system
showing 3D representation of the imaginary part of the dielectric loss, which
illustrates deconvoluted temperature dependence of “ and — relaxation peaks
using Havriliak–Negami fit. The top 3 are Arrhenius plot for the characteristic
relaxation frequency of the di�erent processes.
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respectively. In these cases, the real part of the permittivity increased only at frequencies
below 1 Hz, as shown in Figure E.4 and Figure E.5. Measurements of the imaginary per-
mittivity in the region where the real part increases (low frequency end) were restricted
to two to three data point accessible by the equipment which limited the reliability of
the slope calculation. Therefore, to provide a better understanding of the behaviour,
the same measurements were repeated for the neat epoxy resin at temperatures up to
250 °C, which facilitated the measurement of additional data points at the low frequency
end of the imaginary permittivity where the real permittivity increased, as illustrated
in Figure 8.14. The figure shows a slope equal to -1 at constant real permittivity (i.e.
DC conductivity) and a slope greater than -1 (-0.85 ±0.05) in the region where the real
permittivity increases (i.e. electrode polarisation), in a pattern similar to the behaviour
described by Kremer and Schonhals as illustrated in Figure 8.11. The data suggests
that increasing the temperature revealed more detail about the behaviour of the ref-
erence material, where both ohmic conductivity and electrode polarisation behaviours
are evident in the dielectric data. The inclusion of the FNM resulted in quite similar
behaviour, albeit that the onset of the DC conductivity of the modified systems was
shifted to lower values. The DC term of the conductivity of the 30AGNPE, 30AGHE
and 20AGHE were observed at 90 °C, 60 °C, and 70 °C respectively which are 40 °C,
70 °C and 60 °C lower than the onset of the conductivity of the neat system. In addition,
the activation energy of process 1 was a�ected by the inclusion of the FNM, as shown in
Figure 8.15 and illustrated in Table 8.2. The activation energy of process 1 for the neat
system is 2.21 ± 0.02 eV, while the 30AGNPE, 30AGHE and 20AGHE modified systems
were 1.46 ± 0.02 eV, 1.22 ± 0.02 eV and 1.56 ± 0.03 eV respectively. It is important to
highlight that these values should not be compared with the activation energy presented
in Figure 8.3, because the measurements were conducted under di�erent conditions (field
and frequency).
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Figure 8.11: Real and imaginary part of (a) ohmic and (b) non-ohmic con-
ductivity. The solid line represents the real permittivity, while the dashed line
shows the behaviour of the imaginary part of the permittivity (reprinted from
[1]).
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(a) Neat Epoxy

(b) 30AGNPE

Figure 8.12: Plots of the imaginary part of the dielectric permittivity against
the frequency as a function of temperatures associate with Process 1 for (a)
Neat epoxy and (b) 30AGHE modified systems. The grey dashed line is the
real part is the real part of the permittivity at 180 °C. The legend represents
the temperature in °C.
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(a) 30AGHE

(b) 20AGHE

Figure 8.13: Plots of the imaginary part of the dielectric permittivity against
the frequency as a function of temperatures associate with Process 1 for (a)
30AGHE and (b) 20AGHE modified systems. The grey dashed line is the real
part is the real part of the permittivity at 180 °C. The legend represents the
temperature in °C.
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Figure 8.14: Plots of the imaginary part of the dielectric permittivity of the
neat system against the frequency as a function of temperatures associate with
Process 1 at temperatures up to 250 °C. The grey dashed line is the real part
of the permittivity at 250 °C. The legend represents the temperature in °C.

Figure 8.15: Arrhenius plot for process 1 for the studied material systems.
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Table 8.2: Activation energy values for the neat and modified systems

Sample Process 1 Process 3 Process 4
(charge-transport)
eV (—- relaxation) eV (“- relaxation) eV

Reference 2.21 ± 0.02 0.46 ± 0.01 0.30 ± 0.02
30%AGNPE 1.46 ± 0.02 0.61 ± 0.02 0.32 ± 0.04
30%AGHE 1.22 ± 0.02 - 0.20 ± 0.02
20%AGHE 1.56 ± 0.03 0.30 ± 0.01 0.17 ± 0.02

8.3.2 Process 2 (–- transition)

The alpha relaxation is a structural relaxation associated with the cooperative movement
of chains around the glass transition of the matrix, where the material acquires su�cient
thermal energy to facilitate segmental motion [130, 170, 171]. In the case of the neat
epoxy resin, the onset of the –- relaxation can be seen at temperature around 90 °C,
which is around 12 °C lower than the DSC measured Tg of the neat resin (Tg= 102 °C),
see below Figure 8.16. For the modified systems, the onset of the 30AGNPE, 30AGHE
and 20AGHE systems appears at temperatures of 40 °C, 30 °C and 40 °C respectively,
as illustrated in Figure 8.16 and Figure 8.17.

The data reported here reveal the presence of a relaxation process prior to the –- relax-
ation. Ochi et al [221], observed two relaxational processes above the Tg of an anhydride
cured system at temperatures from -70 °C to 30 °C at a frequency of 1 Hz. One of these
two relaxations is the molecular —- relaxation, while the other process was associated
with the weak conformational motion of the diester segments. In the current work, the
data deconvoluted using Havriliak–Negami fit suggests a similar behaviour. In addition
to the —- relaxation, a broad peak is evident in the deconvoluted peaks of the neat and
the FNM modified systems, which is referred to as the pre-– process. Initially the pre-–
process appears as a very weak peak, which steadily increases in amplitude as the tem-
perature increase. This, presumably, is caused by the increased segmental mobility as
the temperature increase. Hassan et al [159], suggested that the material topology and
the free volume in the system influence the pre-– process. This is consistent with the
data reported here where the onset of the pre-– process in both the neat and GNPE
modified systems is at -60 °C (as illustrated in Figures E.20 and Figure E.43), while
an equivalent process is present at lower temperatures (-80 °C) in the data of the GHE
modified system (as illustrated in Figure E.66 and Figure E.87, which are located in
Appendix E).

It is perhaps important to mention that the peak pre-– process (seen at frequency
around 1 Hz) is di�erent from the peak observed at frequencies between 100 Hz and
1000 Hz in the data deconvoluted using Havriliak–Negami fitting for the neat and the
20AGHE systems at temperature 0 °C and -20 °C respectively (as shown in Figure E.20
and Figure E.87, which located in Appendix E). The intensity and the frequency of
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(a) Neat Epoxy

(b) 30AGNPE

Figure 8.16: Plots of the imaginary part of the dielectric permittivity against
the frequency as a function of temperatures associate with Process 2 for (a)
Neat epoxy and (b) 30AGNPE modified systems. The legend represents the
temperature in °C.
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(a) 30AGHE

(b) 20AGHE

Figure 8.17: Plots of the imaginary part of the dielectric permittivity against the
frequency as a function of temperatures associate with Process 2 for (a) 30AGHE
and (b) 20AGHE modified systems. The legend represents the temperature in
°C.
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this secondary relaxation increase with increasing temperature. This behaviour was not
present in the data of the 30AGNPE and 30AGHE systems. A detailed analysis of a
similar behaviour was presented by Chao and Gary [222], where it was concluded that
the behaviour is associated with moister molecules trapped and/or bonded to the resin
system. Similar findings were reported by several other studies [223–225].

8.3.3 Process 3 (—- relaxation)

The beta relaxation is a thermally activated dielectric process that appears as a broad
peak across the frequency sweep. The molecular —- relaxation for the neat epoxy resin
is observed at temperatures from -90 °C to 0 °C, as clearly labelled in Figure 8.7.
Modification of the resin by adding GNPE resulted in an insignificant change in the
temperature range of the —- relaxation, while the activation energy of the relaxation
increased to 0.61 ± 0.02 eV, compared to the activation energy of the neat epoxy system
which is 0.46 ± 0.01 eV, Figure 8.8 and Table 8.2. This change in the activation energy
is associated with the presence of the retained groups of the functional network modifier,
which restrict the motion of the molecular groups, as it will be explained later in this
section. Detailed graphs of process 3 are shown in Figure 8.19.

In the case of the 30AGHE system, the —- relaxation appears as a very weak process
which is only visible upon expanding the vertical scale of the plot, as illustrated in
Figure 8.20. The visible relaxation possess an activation energy in the typical range
associated with the “- relaxation. Therefore, to explore this issue further, samples
modified with 20 % of the epoxide groups from the GHE were manufactured, where the
Tg of the 20AGHE sample was chosen close to the Tg of the 30AGNPE modified systems.
In addition, the data of the imaginary permittivity of the neat and modified systems were
fitted and deconvoluted using Havriliak–Negami fit to provide a better understanding
of the dielectric behaviour of the di�erent systems, as illustrated in Figure 8.7, 8.8, 8.9
and 8.10.

The temperature dependent —- relaxation peaks deconvoluted using the Havriliak–Negami
function for the 30AGHE systems (shown in Figure 8.9), evince a week, broad relaxation
that appears across the a wide frequency range and shifts to higher frequency as the
temperature increases, maintaining a constant amplitude. HN relaxation peaks with
similar behaviour were suggested to describe the —- relaxation by Zhang and Stevens
[222]. Since the peaks associated with the —- relaxation were very broad, it was not
possible to accurately calculate the activation energy for —- relaxation of the 30AGHE.

In the case of the 20AGHE, the —- relaxation peaks deconvoluted using a Havril-
iak–Negami fit appear as a broad relaxation that shifts with temperature to higher
frequency, where the intensity of the peaks changes, as depicted in Figure 8.10. This
behaviours is quite similar to that of the 30AGNPE systems, which implies that the
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presence of the GHE and GNPE restrict or impede the —- relaxation. In contrast to
the GNPE, the inclusion of 20 % of the epoxide groups from the GHE resulted in a
reduction in the activation energy of the —- relaxation to 0.3 ± 0.01 eV compared to
that of the neat system which is 0.46 ± 0.01 eV, providing further evidence that the
functional groups of the modifier is the driving parameter for the behaviour of the —-
relaxation reported here.

Figure 8.18: Arrhenius plot for process 3 for the study samples.
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(a) Neat Epoxy

(b) 30AGNPE

Figure 8.19: Plots of the imaginary part of the dielectric permittivity against
the frequency as a function of temperatures associate with Process 3 for (a)
Neat epoxy and (b) 30AGNPE modified systems. The legend represents the
temperature in °C.
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(a) 30AGHE

(b) 20AGHE

Figure 8.20: Plots of the imaginary part of the dielectric permittivity against the
frequency as a function of temperatures associate with Process 3 for (a) 30AGHE
and (b) 20AGHE modified systems. The legend represents the temperature in
°C.
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8.3.4 Process 4 (“- relaxation)

The gamma relaxation (process 4 in this study) is related to the motion of dipoles at
temperatures way below the glass transition temperature of the material. The gamma
process is characterised by a low activation energy required by the polar groups to
overcome the potential barrier, compared to the – and — relaxations [1]. To test this
claim, the influence of di�erent chain ends on the activation energy of the “- relaxation
along with analysis of the molecular origin of the gamma process is investigated hereafter.

The imaginary part of the complex permittivity of the neat epoxy resin systems (shown
in Figure 8.7) illustrates that the “- relaxation of the neat samples can be observed as a
very broad peak across the frequency domain at temperatures from -160 °C to -100 °C.
The “-relaxation for the GNPE modified systems showed similar behaviour to that of
the neat epoxy resin, as presented in Figure 8.8. While, the gamma process of the
GHE modified systems appears as two separate relaxations, as illustrated in the peaks
deconvoluted using Havriliak–Negami fit shown in Figure 8.9 and Figure 8.10.

Figure 8.21: Arrhenius plot for process 4 for the study samples

The activation energy of the “- relaxation determined by the Arrhenius equation from the
temperature dependent dielectric measurements of the neat epoxy resin is 0.30 ± 0.02 eV,
as depicted in Table 8.2. As anticipated, the introduction of both the GNPE and GHE
a�ected the activation energy of the “- relaxation. The inclusion of the GNPE resulted
in an increase in the activation energy of the “- relaxation to 0.32 ± 0.04 eV, whereas



130
Chapter 8 Investigation of the e�ect of the functional network modifiers on the

molecular dynamics of complex epoxy resin systems

the addition of both 30 % and 20 % of the epoxide groups from the GHE resulted in
a decrease in the activation energy to 0.20 ± 0.02 eV and 0.17 ± 0.02 eV respectively.
Arrhenius plots of “- relaxation for the reference and modified samples are shown in
Figure 8.10. The variation in the activation energy of the “- relaxation arises from
conformational motion of small molecular moieties which could be side groups of the
main chain or unreacted retained chains. In the current study, two modifiers were used,
which were selected so that their chemical structure comprises of nonreactive end chains
which, after curing (bonded to the resins network through their reactive epoxides),
become retained in the system, where the consequent e�ect of the retained groups on
the molecular dynamics can be compared and contrasted. The chemical structure of
the GHE features a terminal reactive epoxide group, linked to a long chain alkyl group
(sixteen carbon atoms CH2(CH2)14CH3) through an oxygen bond, while the structure of
GNPE comprises of a terminal reactive epoxide group bonded through an ether group to
an aromatic ring and an alkyl chain (nine carbon atoms CH2(CH2)7CH3). Alkyl groups
and aromatic structures were reported to alter the molecular dynamics of epoxy resins.

In the neat anhydride cured epoxy resin system, the “- relaxation appears as a broad
relaxation. According to Kremer and Schonhals [1], the “- relaxation is linked to the
movement of small dipolar terminal groups and conformational motion of side branches
attached to the epoxy network. In anhydride cured structures, these small molecular
units correspond to unreacted molecules and retained functional groups or chain ends.
In the current case, the modified samples comprised of the GNPE and GHE molecules
being added after removing part of the resin. The resin contains an aromatic molecule
in addition to an ether group per epoxide groups. The GNPE comprises of a similar
structure to that of the resin in addition to a terminal alkyl group, while the chemical
structure of GHE features only an ether group per epoxide groups and lacks the aromatic
molecule. Consequently, substituting the resin with the GNPE and GHE modifiers
resulted in (a) introducing terminal alkyl chains with di�erent lengths into both modified
structures, (b) reducing the composition of diphenyl groups in the GHE modified resins.

As mentioned in the chapter 7, the behaviour of the “ process in anhydride cured sys-
tems is poorly investigated in the literature. Indeed, Hassan et al [159] have studied
the dielectric behaviour of anhydride cured systems, where it was suggested that the
“- relaxation is associated with the flipping motion of aromatic rings between adjacent
flexible ether linkages in the DGEBA main chain. Another key study that reported on
the behaviour of the “- relaxation in anhydride cured resins is the investigation con-
ducted by Pogany [226], where the experimental data suggested that the “ relaxation is
a product of two separate relaxations. McMaster et al [227] reported that the conforma-
tional motion of alkyl groups contributes to the “- relaxation which is subject to steric
hindrance by adjacent environmental structure, while, Pinkus and Lin [228] established
an understanding of the conformational motion of alkyl chains based on calculation of
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electric dipole moments (separation of negative and positive charges). The study re-
ported that (a) the increases in the length of the alkyl chain rises the conformational
freedom of the chain and (b) the presence of aromatic structures increases steric interfer-
ence, where both a�ect the dielectric behaviour (temperature and/or activation energy)
of the system in di�erent ways.

As can be seen from the above account, the inclusion of the aromatic and the alkyl groups
of the FNM impact the characteristics of the gamma relaxation. In the case of the GNPE
modified systems, the “ relaxation appears as a broad peak, where the deconvoluted peak
of the GNPE modified systems were present at temperatures from -160 °C to 40 °C,
while the comparable peaks of the neat system had almost completely disappeared at
-20 °C, as illustrated in Figure E.42 and Figure E.19 respectively, which are located in
Appendix E. Based on the above discussion, this shift in the temperature of the gamma
relaxation can be attributed to the presence of terminal groups in the structure of the
GNPE modified systems. The benzene rings connected to a terminal alkyl groups means
that the GNPE modified structure contains a higher number of flexible units compared
to the structure of the epoxy resin. These links replaced the previously constrained
segments of the resin creating a branched network, which facilitates the flipping motion
of the aromatic rings while maintaining a similar molecular composition.

In the case of the GHE modified systems, the deconvoluted peaks of the gamma relax-
ation of the 30AGHE and 20AGHE modified systems are present at temperatures from
-160 °C to 0 °C and from -160 °C to -40 °C respectively, as illustrated in Figure E.65 and
Figure E.86 respectively. In addition, the deconvoluted peak of the gamma relaxation
reveals that the gamma relaxation of the GHE modified systems comprises of two sep-
arated peaks, which is inline with the behaviour reported by Pogany [226]. Plots of the
deconvoluted Havriliak–Negami fitted temperature dependent bifurcated gamma pro-
cess for 30AGHE and 20AGHE systems are illustrated in Figure E.65 and Figure E.86
respectively, which are located in Appendix E. The inclusion of the alkyl chains a�ected
the local environment around the relevant dipole, which resulted in shifting the gamma
temperature and allowed gamma bifurcation suggesting that the “- process originates
from two set of dipoles. This behaviour was not present in the “- relaxation process of
the neat and the GNPE modified systems. There are two possible explanations for this
behaviour. It is likely that the two gamma peaks are very close to each other to an extent
that the peaks can only be seen as one broad relaxation. The alternative explanation
is that one of the gamma peaks is pronounced more than the other one and probably
only one peak is located within the accessible temperature range. In both cases, it may
be concluded that the behaviour of the “- relaxation noticed here is attributed to the
presence of unreacted dipolar molecules, the flipping motion of the aromatic groups and
the structural environment around the dipoles, i.e. the network topology.
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8.4 Summary

This chapter presented a detailed analysis of the dielectric behaviour of neat and modified
anhydride cured epoxy resin systems. Di�erential scanning calorimetry was used to
examine the glass transition temperature of the materials. It was anticipated that the
inclusion of the GNPE and GHE would shift Tg of the modified systems to lower values.
The data reported that the addition of 30 % of the epoxide groups from the GHE
and GNPE resulted in shifting Tg to lower temperatures by 66 ± 2 °C and 50 ± 2 °C
respectively, compared to that of the reference resin. This e�ect was associated with the
functional groups and presumably on the resulting relaxation of constraints on molecular
(dipolar) mobility.

In the case of the electrical conductivity, generally, all the modified systems exhibited
higher conductivity values than the unmodified resin. The analysis of the temperature
dependent conductivity measurements revealed two di�erent processes in the studied
systems, DC conductivity and a transient conductivity. The glass transition temperature
of the materials plays a vital role in the transition between the two processes.

In terms of dielectric spectroscopy, the dielectric spectra of the neat and modified systems
were collected at temperatures from -160 °C to 180 °C. A three dimensional representa-
tion was selected to represent the collected data of the imaginary permittivity against
the frequency and the temperature. In addition, Arrhenius plots were used to calculate
the activation energy of the accessible relaxations, while Havriliak-Negami fitting was
used to fit and deconvolute the data to provide comprehensive understanding of the
molecular dynamics. A summary of the Arrhenius plot of all the samples is shown in
Figure 8.22.
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Figure 8.22: Arrhenius plot for the characteristic relaxation frequency relative
to that of the reference temperature in neat and modified epoxy resin systems.





Chapter 9

Conclusions and Future Work

9.1 Conclusions

The design of modified dielectric thermosetting material with controlled properties im-
poses a challenge that varies depending on the considered modifier, host material and
the desired properties. The used of functional network modifiers FNM to alter the prop-
erties of epoxy resin systems is suggested to be an alternative method to the use of
fillers. Improvement in the properties of epoxy resins using nano and micro fillers, are
pushed to the limit where the process involved is becoming complicated. On the other
hand, modifying the epoxy resin network using FNM is poorly investigated and have
shown promising results to become complementary and potential alternative to the used
of some fillers. FNM are liquid additives that comprises of reactive groups which react
with the hardener in the curing process and become incorporated into the cured resin
matrix. As a consequence of the reaction of the FNM with the hardener, the functional
groups of the FNM become retained within the epoxy resin structure. For the examined
systems, understanding the e�ect of the di�erent functional groups of the modifiers on
the thermal and electrical properties of the system represents a major challenge that
needs to be addressed. Therefore, the study initially sets out to investigate the epoxy
resin curing mechanisms, the e�ect of the FNM on the breakdown strength, dielectric
properties and thermal behaviour of epoxy resin systems.

In terms of the investigation of the epoxy curing mechanisms, epoxy resin systems cured
using two hardeners, namely, amine and anhydride based hardeners were used to provide
a comprehensive understanding of the di�erence between the curing mechanisms to
establish the foundation for modifying the systems investigated later. The data revealed
that the curing process of an amine system involves reaction between the active group of
the hardener with an epoxide group from the resin, while the process for the anhydride
cured systems is more complicated, which comprises of anhydride initiation reactions,
esterification and possible etherification reactions.

Only a small number of researchers in the literature investigated the impact of func-
tional network modifiers on the electrical properties of epoxy resins systems. In most of
these studies the FNM are viewed as fillers without taking into account the ability of the
FNM to react and consume the hardener through their epoxide groups i.e. most of the
stoichiometric ratios that have been employed are questionable. The stoichiometric ratio
is an important parameter in the development of the network structure using FNM, as
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it a�ects the configuration of the network, where the retained functional groups act as
a property-altering tool. This study showed that it is possible to alter the architecture
of the resin structure using FNM which consequently produced systems with properties
di�erent from that of the unmodified material. Adapting the behaviour of some func-
tional groups reported in the literature such as the functional groups present in voltage
stabiliser provides a good foundation to establish an understanding of the e�ect of the
selected FNM on the properties of the manufactured systems.

A detailed investigation of the e�ect of the number of active molecules of the FNM
was also considered in this thesis. The study examined two main materials manufac-
tured with stoichiometric ratio calculated using two di�erent methods. Based on the
fact that the epoxide groups of the FNM contributes to the curing process, the stoi-
chiometric ratio of one system was calculated so that the epoxide groups of the FNM
were compensated by removing equivalent number of epoxide groups from the resin. In
the other system, FNM was added as a weight percentage of the total weight without
modifying the stoichiometry. The experimental investigation described in chapter 5 has
demonstrated that the stoichiometric ratio has a critical influence on the thermal, elec-
trical and dielectric properties of the modified systems. This aligns with hypothesis 1,
which states that the e�ect of the functional network modifiers on the dielectric prop-
erties relies on the number of the reactive moieties, which contribute to the chemical
curing reactions. Compensated epoxy resin systems have marginal change in the hy-
droxyl group, while OH groups decreased as the loading of the FNM increased in the
uncompensated systems. Also uncompensated structures contained increased number of
retained unreacted epoxide groups. By examining the heat flow in the two systems, it
was shown that the Tg of the modified systems is influenced by several factors such the
structure of the modifier, the influence of the functional group of the modifier on the
cross-link density, the network topology and the free volume introduced by the FNM.
The experimental results showed that the AC breakdown strength of the compensated
system is higher than that of the uncompensated systems and explained that the AC
breakdown strength is e�ected by two main factors: (a) the functional group of the FNM
and (b) the modified network topology. Such association clarified that the decreased AC
breakdown strength of the uncompensated systems is attributed to the agglomeration
of the modifier, which created an inhomogeneous network structure. In terms of the
permittivity of the compensated and uncompensated systems, the presence of inorganic
components in the FNM altered the real part of the permittivity. On the other hand,
the imaginary part of the permittivity indicated increased — relaxation for compensated
systems, where the opposite (decrease in the extent of — relaxation) was reported for
the uncompensated systems. The dielectric data align with the variation in the epoxide
groups and OH molecules evident from the FTIR spectra.

In addition to the investigation of the e�ect of the stoichiometric ratio of the FNM
on the properties of the modified systems, it was necessary to confirm an assumption
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made about the number of epoxide groups used to calculate the stoichiometry of the
samples. The experimental data of the DSC and dielectric spectroscopy showed that
the assumption that each GPOSS contains eight epoxide groups that can contribute to
the curing process is valid.

The e�ect of two di�erent FNMs, namely, GHE and GNPE, on the thermal, electrical
and dielectric properties of modified epoxy resins was investigated. This investigation
was conducted to tests hypothesis 2, which states that the inclusion of FNM in the
resin system leads to changes in the network architecture of an epoxy system and there-
fore alters the electrical properties in an e�ect equivalent to the mechanisms by which
nanoparticles influence the electrical response of nanocomposites. The data obtained by
FTIR proved the presence of the FNM in the cured systems, i.e. the FNM survived the
curing and post curing process. The experimental results showed that the glass transi-
tion temperature decreases with the increase in the loading of the FNM and that the
GHE and GNPE modified systems have altered dielectric permittivity values. Finally,
the AC breakdown strength of the modified systems increased up to 4 % loading of
the modifier, after which the breakdown strength started to decrease. The impact of
the observed e�ects were found to rely on the selection of the functional group of the
FNM. While a comparable technique has previously been used as a means for altering
the mechanical properties of epoxy resins, this is the first time to our knowledge that
this approach has been explored in depth as a means of integrating di�erent functional
groups into a thermosetting polymer in order to e�ectively customise its properties.
While there is no doubt that some types of fillers improved the properties of thermoset-
ting materials, the published literature has highlighted a number of problems associated
with dispersion and filler agglomeration. The use of liquid and low-concentration FNM
≥4% suggested in the research described in chapter 6 appears to o�er a new alternative
means of engineering novel materials to meet current and future needs in a simple and
adaptable way.

After establishing the basic understanding of the e�ect of FNM on the di�erent prop-
erties of an epoxy resin, it was important to check if the curing mechanisms would
impact the generality of the findings reported for the amine cured modified FNM sys-
tems. For this purpose, chapter 7 used the FTIR, DSC, DC conductivity and dielectric
spectroscopy to examine amine and anhydride cured epoxy resin systems modified using
di�erent concentration of a multi terminal epoxide groups FNM (which is TTE). The
experimental data showed that the FNM influences the network topology of the resin
through the cross-linking reactions, where in anhydride cured systems, TTE promotes
esterification and results in a reduction in the probability of etherification mechanism.
It was evident from the results that the modifier has influenced the Tg of the amine
and anhydride cured systems in a similar way, where in both systems the inclusion of
TTE resulted in a steady decrease in Tg as the concentration of the TTE increased.
The impact of the TTE on the molecular dynamics revealed that “ relaxation of both
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amine and anhydride cured system is associated with the presence of retained dipolar
molecules in the TTE modified systems, the rotation of the amino-diphenyl groups, and
an increase in molecular mobility facilitated by the incorporation of a higher number of
ether links. For the — relaxation, the impact of TTE in the amine cured system was
interpreted by the nature of the restrained environments that constrained the movement
of the dipoles after the inclusion of the TTE. In the case of the anhydride cured systems,
the FTIR data supported the findings that the etherification process that occurred in
the anhydride cured systems influenced the strength of the — relaxation. For the electric
conductivity experiments, the variation in the DC conductivity was associated with the
presence of the functional groups of the FNM, variations in the free volume in the sys-
tem and the change in the network topology. All these finding aligns with hypothesis 3,
which states that changing the type of hardener (amine or anhydride) leads to changes
in the curing mechanism, which would significantly a�ect the dielectric behaviour of the
system. This is also the case when the system is altered in a systematic way, using
functional network modifiers.

To sum up the impact of FNM on amine and anhydride cured epoxy resin systems,
the presence of the functional network modifier has influenced the chemical, thermal
and electrical properties of both systems. The reported influence of the FNM is more
complex with the anhydride cured materials than in amine cured system, due to the
fact that the natural anhydride curing mechanisms involve generation and consumption
of hydroxyl groups. The lack of detailed analysis in the literature for the dielectric
behaviour of anhydride cured resins made the process challenging for the neat anhydride
cured systems, where the addition of the FNM added complexity to a process which is
already not well understood. Consequently, this highlighted the importance of a detailed
analysis of each relaxation process of the modified anhydride cured systems, where the
temperature dependent dielectric tracking of each dynamic molecular relaxation process
is acquired, which was the aim of chapter 8.

A detailed investigation of the e�ect of the FNM on the molecular dynamics of anhy-
dride cured epoxy resin systems was presented in this work. This is to test hypothesis
4, which states that modification of the resin structure a�ect the molecular dynamics.
The “ and — relaxations are associated with terminal groups, while – relaxation is re-
lated to segmental movement of main-chains, the consequent dipole relaxation activate
charge transport above Tg. The results of chapter 8 discuss the molecular origin of the
dipole relaxation and charge transport dynamics in FNM modified epoxy resins sys-
tems. To assist the interpretation of the dielectric relaxations, DSC measurements and
temperature dependent electrical conductivity was conducted for the studied samples.
As anticipated, the Tg of the modified systems is lower than that of the neat epoxy,
where the variation in Tg was attributed to the di�erent functional groups of the FNM.
For the electrical conductivity, the neat systems showed lower conductivity compared
with the conductivity of the modified systems. Analysis of the electrical conductivity
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revealed the existence of two di�erent processes. A DC conductivity process appears
above the glass transition temperature, while a transient conductivity process was evi-
dent at temperatures below the Tg of the system. Regarding the molecular dynamics,
the temperature dependent dielectric measurements were represented using a three di-
mensional representation for the the imaginary permittivity as a function of frequency
and the temperature. The activation energy of each molecular relaxation was calculated
using Arrhenius plots. It was found that the activation energy of the — and “ relaxations
is a�ected by the functional group of the FNM. This was also clear from the Havriliak-
Negami deconvoluted peaks of the molecular relaxations. The temperature dependent
dielectric properties along with Havriliak-Negami deconvoluted peaks, the Arrhenius
plots and the associated activation energies of the di�erent molecular relaxations proofs
that the type of the functional group of the FNM plays a vital role in determining the
dielectric properties of the final material.

9.2 Future Work

The work reported in this thesis shows that functional network modifiers constitute
a complementary and alternative approach for nanotechnology for designing materials
with controlled dielectric properties. The systems researched, combined with the applied
research method and the described experimental setup provides a complete guide for
future studies to replicate the results and experiment with di�erent FNM combinations.
However, additional work is necessary to understand some of the parameters required
to take the FNM approach to an industrial scale. Future investigations may therefore
include the following:

• It would be worth studying the behaviour of space charge dynamics in neat and
FNM modified epoxy resin systems. Investigation of processes such as charge
migration, accumulation and decay, may provide more insight into the mechanisms
responsible for the improvement in the electrical properties of the modified systems.

• From an industrial and practical point of view, it is necessary to examine the
high temperature performance of the mechanical behaviour of the manufactured
systems such as the rheology, tensile strength and fatigue behaviour. In addition,
understanding the thermal conductivity would help in defining the applications in
which each FNM may be used.

• It would be highly useful to investigate the DC breakdown strength of the FNM
modified epoxy resin systems. Furthermore, conducting long term AC breakdown
measurements provide beneficial information about the practical limits of the dif-
ferent formulations.
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• It is recommended to use high resolution electron microscopy such as scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). These
techniques provide important information about the morphology, structure and
crystallisations in the material. Therefore, the use of SEM and TEM assist in
understanding the behaviour of the material.

• The work reported in this thesis provides means of modifying the network struc-
ture of epoxy resin systems using functional network modifiers, where modified
structures with a degree of controlled properties were produced. One of the main
conclusions is that the final properties of the modified systems are associated with
the chemical structure of the retained functional groups of the modifier. It would
be useful to investigate other approaches to incorporate nonreactive functional
groups into the epoxy resin network using the hardener. A preliminary investiga-
tion of this has already been established. However, all the attempts to cure the
resin were unsuccessful because the selected hardener had a low reactivity as all the
amine groups were secondary amines and the location of the NH was restricted by
the hardener’s network structure. It would be worth studying a hardener with an
amine hardener with primary terminal amine groups within its chemical structure.

• This study is a qualitative investigation for the e�ect of the di�erent functional
groups on the dielectric, electric breakdown and heat flow in amine and anhydride
cured epoxy resin systems. The work here provided a rough estimate for the
loading of the FNM which provides improvement in the properties of the resin.
According to Bocek et al [229], the optimum POSS loading should be from 1.1 wt%
to 6.5 wt%, somewhere else it was suggested to be less than 3 wt% [112]. It would
be interesting to find the optimum loading of each functional group.

• It is concluded from this work that the physical properties of the modified epoxy
resins are associated with the chemical structure of the resin, hardener and the
functional groups of the FNM. Specific functional groups of the FNM impact
certain properties. For example, the inclusion of small fraction of alkyl groups
is found to improve the breakdown strength and reduce the Tg of the modified
systems, while the addition of GPOSS molecules revealed increased breakdown
strength without significantly a�ecting the Tg. Similarly, the in cooperation of
aromatic molecules showed positive impact on Tg. FNM with multiple terminal
epoxide groups are found to alter the charge transport behaviour through an epoxy
network as a results of modifying the network topology. Materials with cyclic
structures (Cyclododecene oxide), were also tested but not reported in this thesis,
as these FNM showed insignificant e�ect on the thermal and electrical properties
of the modified resins. Finally, it would be worth studying the behaviour of an
FNM with chemical structure comprising a halogen (fluorine (F), chlorine (Cl),
bromine (Br) and iodine (I)), as they are reported to have high electron a�nity,
which is the main mechanism associated with the voltage stabilising behaviour of
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the alkyl and aromatic structures reported in this work. i.e. increased breakdown
strength (discussed in chapter 6).

It can be seen from the above account, that the optimal FNM chemical structure
depends on the property of interest. In addition, the material selection process
used here was limited by the molecules available in the market. But, in principle,
it would be possible to synthesise FNM additives to optimise performance with
respect to any given property. Therefore, based on the work reported in this thesis,
it is perhaps possible to anticipate that interesting properties may results from
the modification of an epoxy resin system using an FNM with chemical structure
containing one of the halogens, an aromatic ring and multi terminal epoxide groups
connected to the other molecules through ether links. To save time, e�ort and
reduce the cost of the process, it is recommended to utilise a combination of a
computer software (as a method simulate the selected FNM candidates), with a
synthetic chemistry (to build the modifier) and the approach used in this these to
test and verify the properties of the system.
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A.1 The Selection Process of The Functional Network Mod-
ifiers

Four di�erent functional network modifiers were used in this work. The selection process
of these FNM was based on the criteria described in the chart shown in Figure A.1. A
summary of the selection process is that, the FNM must be firstly safe to use with no
health or environmental hazards. To do so, the safety data sheet SDS of all the possible
FNM was checked. Next, intensive search was conducted to read and list any work used
functional network modifiers for altering epoxy resin composites available in literature.
After searching possible work used the FNM, the flash and boiling point of the FNM
were set to be above the curing temperature and below the post curing temperature of
the composite. The left materials were divided according to their chemical structure
to aliphatic and aromatic. These were subdivided depending on the number of epoxide
groups, length of the chain and branches. The remaining FNM were the most promis-
ing candidates. By applying the selection process described above, the following FNM
were chosen where each one of them contains at least a terminal epoxide group and a
functional group. Therefore, the selected five FNM represents all the possible options
in terms of the chemical structure. Alkyl groups were represented by 2,3-Epoxypropyl
hexadecyl ether modifier, which is the optimum FNM for these functional group which
meets the selection criteria and features long chain alkyl group within its molecular
structure. This FNM was obtained from Sigma Aldrich which is commercially known as
glycidyl hexadecyl ether (GHE). The GHE has molecular weight of 298.50 g mol≠1. The
Trimethylolpropane triglycidyl ether (TTE) modifier with chemical structure features
short chain with multi-epoxide groups, was selected to represent the short chain alkyl
groups. The TTE material has molecular weight of 302.36 g mol≠1 which was also ob-
tained from Sigma Aldrich. For FNM with aromatic structure, Glycidyl 4-Nonylphenyl
Ether (GNPE) was chosen. The GNPE modifier obtained from sigma Aldrich has molec-
ular weight of 276.41 g mol≠1. Glycidyl POSS (GPOSS) cage mixture obtained from
Hybrid Plastics was selected as its features Polyhedral Oligomeric Silsesquioxane (POSS)
molecule within its chemical structure. The GPOSS has molecular weight of 1337.88
g mol≠1. Finally, to check the e�ect of epoxy-based reactive modifier with cyclic chemi-
cal structure, 1,2-Epoxycyclododecane (ECD) modifier was selected. The ECD modifier
has 182.30 g mol≠1 which was obtained from Sigma Aldrich.
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Figure A.1: Flowchart for summarise the selection process of the functional
network modifiers.

A.2 Properties of the ECD modified Epoxy resin Systems

The e�ect of modifying epoxy resins using cyclic epoxy based functional network modifier
is discussed in this section. The studied samples were manufactured with 1%, 4%, 10%



Appendix A Appendix A 145

and 30% of epoxide groups form the ECD. The following sections illustrates the results
of the conducted experiments with data analysis and discussion.

A.2.1 FTIR Spectroscopy

The spectra of the neat and ECD modified epoxy resin systems are shown in Figure A.2.
A close look at the CH stretch region at wavenumbers 2980 cm≠1 and 2820 cm≠1 is
plotted in Figure A.3. The figure indicates that the peak located at 2927 cm≠1 in the
spectra of the neat epoxy increases in intensity as the percentage of the added ECD
increase. In addition, the same peak is slightly shifted to a lower wavenumber, from
2927 cm≠1 in the spectra of the neat epoxy to about 2926 cm≠1 in the data of the 30ECD.
The absorbance peak at 2927 cm≠1 is associated with the antisymmetric stretch CH2

groups. The presence of CH2 groups is reported to increase the absorbance at the region
around 2927 cm≠1 and shift the peak to lower wavenumber [136, 142, 164, 165, 167],
which is in good agreement with the e�ect of the addition of ECD groups reported
here. Since the chemicals structure of the ECD comprises of about ten CH2 groups, the
noticed increase in the absorbance spectra (indicated in Figure A.3) is attributed to the
presence of ECD groups in the chemical structure of the cured resin.

Figure A.2: FTIR spectra of reference and ECD modified systems.
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Figure A.3: FTIR spectra of ECD modified epoxy resin systems for wavenumber
between 2980 cm≠1 and 2820 cm≠1.

A.2.2 Di�erential Scanning Calorimetry

The DSC measurements of the neat and ECD modified epoxy resin systems are presented
in Figure A.4, while data of the glass transition temperatures are listed in Table A.1.
The addition of ECD resulted in shifting the Tg of the modified systems to lower temper-
atures. As the added percentage of the ECD increased, the glass transition temperature
of the modified systems decreased. Modifying the samples by adding 30% of the epoxide
groups from the ECD modifier resulted in decrease in Tg from about 85.3 °C for neat
epoxy to about 52.4 °C for the 30ECD systems. The e�ect of ECD on the glass transi-
tion temperature of the modified samples could be attributed to the increase in the free
volume in the system resulted from the integration of the ECD within the structure of
the epoxy resin [130].

Table A.1: DSC measurements for reference and GGPOSS modified systems.

Sample Tg(°C)
Neat Epoxy 85.3
1ECD 79.8
4ECD 77.0
10ECD 63.4
30ECD 52.4
Error in Tg = ±2 °C
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Figure A.4: DSC traces for reference and ECD modified systems.

A.2.3 Dielectric Spectroscopy

The dielectric response of neat and ECD modified epoxy resin systems is shown in
Figure A.5. The data of the permittivity indicate that the real part of the complex
permittivity decreases as the added percentage of ECD increase, as presented in Fig-
ure A.5(a). Similarly, the imaginary part of the permittivity decrease as the loading of
the ECD increase, as shown in Figure A.5(b). The peak at the high frequencies end of
the imaginary part of the complex permittivity (located at about 105 Hz) is associated
with — relaxation. The data indicates that the extent of — relaxation decrease, as the
added percentage of ECD increase. The extent of — relaxation is associated with the
frequency and motion of hydroxyl groups in the system. Therefore, the data suggests
that the addition of ECD resulted in producing a system with lower number of hy-
droxyl groups. In addition, the ECD modifier features a cyclic terminal group, which
would have imposed a restriction on the movement of the hydroxyl groups, consequently,
reducing the strength of — relaxation.
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(a) Real part of permittivity of ECD modified epoxy
resin systems.

(b) Real part of permittivity of ECD modified epoxy
resin systems.

Figure A.5: Real and imaginary part of complex permittivity of reference and
ECD modified systems.

A.2.4 AC Breakdown Strength

The cumulative probability of the AC breakdown for the ECD modified epoxy resin
systems are shown in Figure A.6. The data suggests that the inclusion of the ECD
resulted in limited e�ect on the breakdown strength. Measurements of the breakdown
strength indicated that the maximum increase in the AC breakdown strength is about
3%, which resulted from the addition of 4% - 10% of the epoxide groups from the ECD
modifier. The values of the breakdown strength for the neat and ECD modified systems
are listed in Table A.2.

A.2.5 Electrical Conductivity

The conductivity measurement of ECD modified epoxy resin systems are illustrated in
Table A.2. Samples modified with up to 10% of the epoxide groups from the ECD
have increased the conductivity of the modified systems compared to the conductivity
of the neat system, but within the same order of magnitude of the neat systems. The
addition of 30 parts of the epoxide groups from the ECD resulted in increase in the
conductivity of the modified systems by about one order of magnitude, as shown in
Table A.2. In addition, the rheology experiment for the modified systems indicated
that the addition of ECD a�ected the viscosity of the neat epoxy resin. Where the
viscosity of the modified epoxy was decreased by 66% compared to that of the neat
sample. The measured viscosity of the DER332 epoxy was about 0.266 Pa.s, which
was decreased to about 0.091 Pa.s for 30ECD systems. The reduction in the viscosity
caused by the ECD is the highest compared to the e�ect on the viscosity resulted from
the inclusion of GHE, GNPE and TTE, where the viscosity was reduced by 62%, 49%
and 29% respectively. The e�ect of the ECD on the DC conductivity of the modified
systems might be associated with the inclusion of the functional groups of the ECD in
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the system, where a branched network is generated. These branches may facilitated
charge transport within the system.

Figure A.6: AC breakdown of reference and ECD modified epoxy resin systems.

Table A.2: DC conductivity and AC breakdown measurements of neat and ECD
modified samples.

Sample ID DC Conductivity (S/cm) Weibull – (kV/mm) Weibull — % BD
Neat Epoxy 1.03 x 10≠17 ± 1.01 x 10≠18 121.9 ± 1.7 26.6 100%
1ECD 1.36 x 10≠17 ± 2.44 x 10≠18 122.1 ± 3.9 26.8 100.2%
4ECD 1.86 x 10≠17 ± 3.30 x 10≠18 124.9 ± 5.4 21.6 103%
10ECD 3.82 x 10≠17 ± 3.81 x 10≠18 124.5 ± 7.2 14.9 103%
3ECD 2.50 x 10≠16 ± 1.54 x 10≠17 120.1 ± 7.1 14.7 98.2%
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The curing and post curing schedule plays a vital role in determining the physical prop-
erties of the final epoxy resin material [230]. Time and temperature of both curing and
post curing may vary depending on the type of the resin. Therefore, it was very impor-
tant to investigate the optimum curing and post curing time and temperature for the
DER 332/ Je�amine mixture. Selection of curing time and temperature

Firstly the e�ect of curing temperature on the physical properties of DER 332 was
investigated. Then after selecting the optimum curing temperature, study of the impact
of curing time on the electrical and thermal properties at the selected temperature was
established. The principle of falling ball viscometer was used to study the e�ect of
the temperature on the epoxy resin [231]. The experimental setup is shown in Figure
B.1. Spherical steel ball bearings with a diameter of 6.32 mm and weight of 1.045 g
were set to fall free in a cylindrical glass tube, labelled and filled with a 12 grams of a
mixture of resin and hardener. The glass tube was placed in a temperature controlled
distilled water where a thermometer was used to estimate the resin temperature. Water
mixing was done all through the experiment by utilising a magnetic stirrer to ensure
even distribution of the heat through the water. After setting the temperature to a
required value, the time required for a ball bearing to travel from the start line to the
end line indicated in Figure B.1, was recorded. The experiment was repeated for two
temperatures, 60 °C and 80 °C.

(a) Experiment Setup (b) Lab Setup

Figure B.1: Setup for falling ball bearing viscosity measurement experiment.

The change in the viscosity was calculated using the following equation [231]:
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÷ = 2r2(pb ≠ pe)g
9Vt

(B.1)

Where:

÷ÕÕ is the mixture viscosity.

g is the acceleration due to gravity.

r is the radius of the ball bearings.

Vt is the terminal velocity of ball bearings.

The viscosity measurements at 60 °C and 80 °C are shown in Figure B.2.

Figure B.2: viscosity measurements at (a) 60 °C and (b) 80 °C.

An ER mixture heated at 80 °C starts the curing process after 20 min, whereas at 60 °C,
the mixture takes about 80 min to start curing. It can be seen that at 60 °C the curing
process is very slow and the mixture has a long pot life. According to the manufacturer
of the amine harder, long time handling of Je�amine at temperatures above 37 °C in
air at atmospheric pressure would give rise to Je�amine oxidization. Therefore, it can
be concluded that the 80 °C could be the recommended curing temperature, because it
provided relatively e�cient time for the mixture to start curing at appropriate hardener
handling. In literature, di�erent temperatures have been used for curing epoxy resin.
For example, C. Yeung [232] cured DER 332 epoxy resin mixed with Je�amine D-230 at
100 °C for 4 hours, which was not justified. The curing temperature recommended by
the supplier for DER 332 epoxy cured with amine hardeners was 80 °C. This temperature
is in good agreement with the falling ball viscometer experiment. Therefore, 80 °C was
used as the temperature for samples curing in this work. After selecting the curing
temperature, the e�ect of curing time on the thermal properties, dielectric response
and breakdown strength was investigated. Epoxy resin samples were cured at 80 °C
for di�erent curing times. Figure B.4 shows Weibull parameter – (kV/mm) of the AC
breakdown strength of epoxy resin samples cured at 80°C, for times ranging from 1 h to
9 h. Unexpectedly, these results indicate that the breakdown strength of samples cured
for just 1 h have the highest measured breakdown strength, around 125 kV/mm. The
breakdown strength decreased gradually with increasing curing time. After 3 h of curing,
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the BDS increase again. Comparing this behaviour with the conductivity shows that
the conductivity follows the opposite trend (Figure B.4). Although it is not possible to
provide a detailed explanation for this, some speculation is nevertheless possible. Kumar
et al. [230] studied the curing behaviour of epoxy resin and showed that the crosslink
density is a strong function of the curing time. Therefore, it might be possible that the
cross link density could have influenced the variation in the breakdown strength.

Figure B.3: The e�ect of curing time on the electrical and thermal properties
of neat epoxy resin.

Figure B.4: Weibull parameter – (kV/mm) of the AC Breakdown strength vs
conductivity for neat epoxy resin samples cured from 1 - 9 hours at 80 °C.
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The behaviour of Tg for the 9 samples is shown in Figure B.3 and Figure B.5. As the
curing time increases, Tg shifts to higher values. However, after 6 h of curing, this trend
stops. The increased curing time could have resulted in a highly cross linked system.
As the cross link density changing, the behaviour of Tg is a�ected. This behaviour is
not anticipated for a homogenous system and is usually expected for inhomogeneous
systems [233].

Figure B.5: Di�erential scanning calorimetry measurements as a function of
temperature for epoxy resin systems cured at di�erent curing hours.

The dielectric response of the cured samples is shown in Figure B.6 .The figure indicates
strong variation in the both real and imaginary permittivity of cured samples. This
behaviour perhaps could be explained by the existence of two factors which are namely
the degree of crosslinks (i.e. the extent of reaction) and environmental constraints.
As the reaction proceeds, more hydroxyl ether groups are formed but, as the crosslink
density increases, they become increasingly constrained. Initially, the degree of crosslinks
dominates, where the increased formation of hydroxyl ether groups resulted in rising peak
of the dielectric —-relaxation, indicated at the high frequency above 104 Hz of imaginary
permittivity in Figure B.6. However, later on, it’s the environmental constraints which
dominates; Therefore, the movement of hydroxyl ether groups become constrained which
was reflected by the decreased —-relaxation after 6 hours of curing.

The dielectric –-relaxation at frequency below 100 Hz of imaginary permittivity also
change with increasing the curing time as shown in Figure B.6. This behaviour is ex-
pected as –-relaxation is linked to Tg [20] and the noted variation in Tg could have
resulted in the variation in –-relaxation. Results of the e�ect of curing time on the elec-
trical properties indicate that 3 hours is a critical curing time, after which the breakdown
strength changes significantly. It can be concluded from this experiment that 2 hours of
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(a) Real part of complex permittivity (b) Imaginary part of permittivity.

Figure B.6: The e�ect of curing time on the dielectric response of neat epoxy
resin samples

curing could be the optimum curing time in terms of breakdown strength, Tg and the
consequent dielectric response. This is consistent with the curing time recommended
by the manufacturer. Therefore, the produced samples of this work were cured at 80
°C for 2 h, which was recommended by the manufacturer and confirmed experimentally.
Selection of post curing time and temperature

The e�ect of post curing process on the electrical properties of epoxy resin was studied
for di�erent post curing time. All samples were cured at 80 °C for 2 hours, then post
cured at 125 °C for 1 - 3 hours. Weibull probability plot of the breakdown strength is
shown in Figure B.7. The AC breakdown strength data indicate that after 2 hours of
post curing the breakdown increase from 107.8 kV/mm to 121.89 kV/mm, which was
further increased to 129.89 kV/mm after 3 hours of post curing. However, the data of
the breakdown strength after 3 hours of post curing for low probability of failure (below
50%) overlap with the data of obtained from samples post cured for 2 hours, as shown
in Figure B.7. This could indicate that post curing for more than 3 hours result in only
limited e�ect on the breakdown strength.

The real and imaginary parts of complex permittivity for the post cured samples are
shown in Figure B.8. The results indicate that post cured systems have relativity lower
real permittivity at high frequency compared to not post cured sample. However, post
curing time showed limited e�ect on the real permittivity. In addition. Post cured
samples have higher —-relaxation and –-relaxation relative to non-post cured samples.
While increasing the post curing time has slightly reduced both relaxation peaks (Figure
B.8(b)).

In summary, increasing the post curing time has only a slight e�ect on the breakdown
strength and dielectric behaviour of the samples. As 3 hours of post curing has increased
the breakdown strength slightly and altered the dielectric response of the samples, it
can be assumed that 3 hours of post curing could be the optimum post curing time.
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Figure B.7: Weibull plot of breakdown data obtained for neat epoxy resin sam-
ples cured from 2 hours at 80 °C then post-cured at 125 °C for 1 - 3 hours.

(a) Real permittivity of post-cured epoxy resins. (b) Imaginary permittivity of post-cured epoxy
resins.

Figure B.8: Dielectric properties of epoxy resin systems.
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According to the manufacturers, it is recommended to post cure the DER 332 samples
for a period of 3 hours. As both the manufacturer and the experiment post curing time
agree, epoxy resin samples in this work were post cured at 125 °C for 3 hours.
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C.1 FTIR Spectroscopy

The complete FTIR spectra for the neat epoxy resin and systems modified using GPOSS
modifiers are presented in Figure C.1.
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Figure C.1: FTIR spectra of reference and GPOSS modified systems with (a)
compensated stoichiometry, and (b) uncompensated stoichiometry.
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D.1 FTIR Spectroscopy

The complete FTIR spectra for the reference and amine cured TTE modified epoxy
resin samples is shown in Figure D.1. A detailed graph for the FTIR spectra at range
from 1800cm≠1 to 600cm≠1 is shown in Figure D.2. It can be seen from Figure D.2
that the introduction of the TTE modified resulted in increase in the ether absorbance
peak, which suggests etherfification process is promoted by the addition of the TTE. In
addition, the figure shows that the introduction of the TTE modifier has insignificant
e�ect on the epoxide groups in the systems.

Figure D.1: The complete FTIR spectra for neat and TTE modified epoxy resin
samples cured using amine hardener.

The complete FTIR spectra for the reference and anhydride cured TTE modified epoxy
resin samples is shown in Figure D.3. A detailed graph for the FTIR spectra at range
from 1800cm≠1 to 600cm≠1 is shown in Figure D.4. It can be seen from Figure D.4
that the introduction of the TTE modified resulted in increase in the ester absorbance
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Figure D.2: The FTIR spectra for neat and TTE modified epoxy resin samples
cured using amine hardener at range from 1800cm≠1 to 600cm≠1.

Figure D.3: The complete FTIR spectra for neat and TTE modified epoxy resin
samples cured using anhydride hardener.
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Figure D.4: The FTIR spectra for neat and TTE modified epoxy resin samples
cured using anhydride hardener at range from 1800cm≠1 to 600cm≠1.

(a) The FT-IR spectra of neat and TTE modified
amine cured epoxy resin systems.

(b) The FT-IR spectra of neat and TTE modified
anhydride cured epoxy resin systems.

Figure D.5: Comparison between the FTIR spectra of the reference and FNM
modified amine and anhydride cured systems.
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peak and decrease in the ether absorbance peak. This suggests that the addition of
TTE to anhydride cured systems promoted esterification process, while etherfification
process become less favourable. In addition, the figure shows that the introduction of
the TTE modifier has insignificant e�ect on the epoxide groups in the systems, as shown
in Figure D.4.

D.2 Dielectric spectroscopy

D.2.1 Temperature dependent dielectric spectroscopy of neat and TTE
modified amine cured systems

The temperature dependent data of the imaginary part of the complex permittivity of the
neat amine cured epoxy resin systems are shown in Figures D.6, D.7 and D.8. While the
data of the imaginary permittivity of the 30TTE systems at comparable temperatures
are Figures D.9, D.10 and D.11.

Figure D.6: Dielectric spectroscopy of neat amine cured epoxy resins at tem-
peratures from -160 °C to -80 °C.
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Figure D.7: Dielectric spectroscopy of neat amine cured epoxy resins at tem-
peratures from -70 °C to 70 °C.

Figure D.8: Dielectric spectroscopy of neat amine cured epoxy resins at tem-
peratures from 80 °C to 180 °C.
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Figure D.9: Dielectric spectroscopy of 30TTE systems at temperatures from
-160 °C to -80 °C.

Figure D.10: Dielectric spectroscopy of 30TTE systems at temperatures from
-70 °C to 40 °C.
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Figure D.11: Dielectric spectroscopy of 30TTE systems at temperatures from
50 °C to 180 °C.

D.2.2 Temperature dependent dielectric spectroscopy of neat and TTE
modified anhydride cured systems

The temperature dependent data of the imaginary part of the complex permittivity of the
neat anhydride cured epoxy resin systems are shown in Figures D.12, D.13 and D.13.
While the data of the imaginary permittivity of the 30ATTE systems at comparable
temperatures are Figures D.14, D.15 and D.16.
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Figure D.12: Dielectric spectroscopy of neat anhydride cured epoxy resins at
temperatures from -160 °C to -80 °C.

Figure D.13: Dielectric spectroscopy of neat anhydride cured epoxy resins at
temperatures from -70 °C to 70 °C.
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Figure D.14: Dielectric spectroscopy of neat anhydride cured epoxy resins at
temperatures from 80 °C to 180 °C.

Figure D.15: Dielectric spectroscopy of 30ATTE at temperatures from -160 °C
to -80 °C.
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Figure D.16: Dielectric spectroscopy of 30ATTE at temperatures from -70 °C
to 70 °C.

Figure D.17: Dielectric spectroscopy of 30ATTE at temperatures from 80 °C to
180 °C.
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D.2.3 Room temperature dielectric spectroscopy of neat and TTE
modified systems

The data of the real and imaginary part of the complex permittivity of the neat and
samples modified by the inclusion 1%, 4%, 10% and 30% of the TTE modifier are
illustrated in Figure D.18, D.19 respectively. While the comparable data acquired for
the real and imaginary part of the complex permittivity of the neat and TTE modified
anhydride cured systems are shown in Figure D.19, D.20 respectively.

Figure D.18: Real part of complex permittivity for neat and TTE modified,
amine cured, epoxy resin systems.
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Figure D.19: Imaginary part of complex permittivity for neat and TTE modi-
fied, amine cured, epoxy resin systems.

Figure D.20: Real part of complex permittivity for neat and TTE modified,
anhydride cured, epoxy resin systems.
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Figure D.21: Imaginary part of complex permittivity for neat and TTE modi-
fied, anhydride cured, epoxy resin systems.
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The values of the first ten measurements of the electrical conductivity is used to calculate
the initial conductivity, referred to as ‡i. The temperature dependent values of ‡i for
the neat and modified systems are shown in Figure E.1. The figure illustrates the
activation energy for each regime. The behaviour is similar to the one determined for
the conductivity after 100 s (‡100 shown in Figure 8.3), where the activation energy
Ea is low for systems in the glassy state which increase significantly when the material
become in a rubbery state.

Figure E.1: Variation of the conductivity, as represented by the quantity ‡1,
with time at an applied field of 5.5 kV mm≠1 from 20 °C to 70 °C for the
di�erent material formulations.

In order to fit the data of the conductivity, the power law Equation 8.2, was used. To
find the values of the parameters a and b of the fitting equation, initially, the values of
both parameters were set as free regression parameters. The initial values of parameter
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b are shown in Figure E.2. Later, these initial values were used to calculate the limits of
parameter b through an iterative procedure, in which, an average value of parameter b
was determined. The limits of parameter b are shown as the error bars in Figure E.2. It
is important to note that changing the precise values of parameter b has an insignificant
e�ect on parameter a, as was illustrated in Figure 8.4

Figure E.2: Sensitivity of parameter b

(a) Process 1 (b) Process 4

Figure E.14: Process 1 and 4 for 30AGHE
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(a) Neat Epoxy

(b) 20AGHE

Figure E.3: Plots of the electrical conductivity measurements conducted for
time up to 1000 s.
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(a) Neat Epoxy

(b) 30AGNPE

Figure E.4: Plots of the real part of the dielectric permittivity against the fre-
quency as a function of temperatures associate with Process 1 for (a) Neat epoxy
and (b) 30AGHE modified systems. The legend represents the temperature in
°C.
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(a) 30AGHE

(b) 20AGHE

Figure E.5: Plots of the real part of the dielectric permittivity against the
frequency as a function of temperatures associate with Process 1 for (a) 30AGHE
and (b) 20AGHE modified systems. The legend represents the temperature in
°C.
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(a) Neat Epoxy

(b) 30AGNPE

Figure E.6: Plots of the real part of the dielectric permittivity against the fre-
quency as a function of temperatures associate with Process 2 for (a) Neat epoxy
and (b) 30AGHE modified systems. The legend represents the temperature in
°C.
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(a) 30AGHE

(b) 20AGHE

Figure E.7: Plots of the real part of the dielectric permittivity against the
frequency as a function of temperatures associate with Process 2 for (a) 30AGHE
and (b) 20AGHE modified systems. The legend represents the temperature in
°C.
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(a) Neat Epoxy

(b) 30AGNPE

Figure E.8: Plots of the real part of the dielectric permittivity against the fre-
quency as a function of temperatures associate with Process 3 for (a) Neat epoxy
and (b) 30AGHE modified systems. The legend represents the temperature in
°C.
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(a) 30AGHE

(b) 20AGHE

Figure E.9: Plots of the real part of the dielectric permittivity against the
frequency as a function of temperatures associate with Process 3 for (a) 30AGHE
and (b) 20AGHE modified systems. The legend represents the temperature in
°C.
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(a) Neat Epoxy

(b) 30AGNPE

Figure E.10: Plots of the real part of the dielectric permittivity against the fre-
quency as a function of temperatures associate with Process 4 for (a) Neat epoxy
and (b) 30AGHE modified systems. The legend represents the temperature in
°C.
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(a) 30AGHE

(b) 20AGHE

Figure E.11: Plots of the real part of the dielectric permittivity against the
frequency as a function of temperatures associate with Process 4 for (a) 30AGHE
and (b) 20AGHE modified systems. The legend represents the temperature in
°C.
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(a) Process 1 (b) Process 3

(c) Process 4

Figure E.12: Process 1,3 and 4 for neat epoxy

(a) Process 1 (b) Process 3

(c) Process 4

Figure E.13: Process 1,3 and 4 for 30AGNPE
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(a) Process 1 (b) Process 3

(c) Process 4

Figure E.15: Process 1,3 and 4 for 20AGHE
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(a) Neat Epoxy

(b) 30AGNPE

Figure E.16: Plots of the imaginary part of the dielectric permittivity against
the frequency as a function of temperatures associate with Process 4 for (a)
Neat epoxy and (b) 30AGHE modified systems. The legend represents the
temperature in °C.
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(a) 30AGHE

(b) 20AGHE

Figure E.17: Plots of the imaginary part of the dielectric permittivity against the
frequency as a function of temperatures associate with Process 4 for (a) 30AGHE
and (b) 20AGHE modified systems. The legend represents the temperature in
°C.
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E.1 Havriliak-Negami relaxation fit function

The Havriliak-Negami fit function is often used to describe the data of the dielectric
spectroscopy. The fit equation is a modified version of the Debye, Cole Cole and Cole
Davidson functions. The Havriliak-Negami fit equation is shown below [234].

Á(w) = Á’≠Á”= ≠i
3

‡0
Á0w

4N
+ qŒ

k=1

5
�Ák

(1+(iw·k)–k )—k
+ ÁŒ,k

6

where w is the angular frequency, · is the characteristic relaxation time, – is the asym-
metry, — the broadness of the spectra and Á0 is the vacuum permittivity. When the
exponential parameters – and — reaches unity, the Havriliak-Negami fit is reduces to
Debye function, while setting — = 1 results in Cole-Cole configuration. Finally, the Cole-
Davidson function is achieved at – = 1. Figure E.18 shows the typical representation of
the data used in Havriliak-Negami fit, which is used to represent the data in this study.
The next sections will present the temperature dependent Havriliak-Negami fit function
for the neat, GNPE and GHE modified systems.

Figure E.18: Representation of the data used in Havriliak-Negami relaxation fit
function.
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E.2 Havriliak-Negami relaxation fit for the neat epoxy resin
system

The dielectric data of the neat epoxy resin system for temperatures from -160 °C to
40 °C was analysed using Havriliak-Negami fit function. The outcome of the analysis is
plotted in the figures below from Figure fig. E.21 to fig. E.41. The parameters used in
the Havriliak-Negami fit function are listed in Table E.1. To compare the de-convoluted
peaks at di�erent temperature, the peaks associated with the —- relaxation, the “-
relaxation, pre-alpha process and the secondary relaxation are plotted in separate figures
(Figure E.19 and Figure E.20 respectively.
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(a) Neat Sample Beta

(b) Neat Sample Gamma

Figure E.19: Plots of the deconvoluted temperature dependence of “ and —
relaxation peaks using Havriliak-Negami fit for neat sample
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(a) Neat Sample Pre-Alpha

(b) Neat Sample Secondary

Figure E.20: Plots of the deconvoluted temperature dependence of pre alpha
and secondary relaxation process using Havriliak-Negami fit for neat sample
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Figure E.21: Havriliak-Negami relaxation fit for neat epoxy resin at -160 °C

Figure E.22: Havriliak-Negami relaxation fit for neat epoxy resin at -150 °C
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Figure E.23: Havriliak-Negami relaxation fit for neat epoxy resin at -140 °C

Figure E.24: Havriliak-Negami relaxation fit for neat epoxy resin at -130 °C
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Figure E.25: Havriliak-Negami relaxation fit for neat epoxy resin at -120 °C

Figure E.26: Havriliak-Negami relaxation fit for neat epoxy resin at -110 °C
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Figure E.27: Havriliak-Negami relaxation fit for neat epoxy resin at -100 °C

Figure E.28: Havriliak-Negami relaxation fit for neat epoxy resin at -90 °C



198 Appendix E Appendix E

Figure E.29: Havriliak-Negami relaxation fit for neat epoxy resin at -80 °C

Figure E.30: Havriliak-Negami relaxation fit for neat epoxy resin at -70 °C
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Figure E.31: Havriliak-Negami relaxation fit for neat epoxy resin at -60 °C

Figure E.32: Havriliak-Negami relaxation fit for neat epoxy resin at -50 °C
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Figure E.33: Havriliak-Negami relaxation fit for neat epoxy resin at -40 °C

Figure E.34: Havriliak-Negami relaxation fit for neat epoxy resin at -30 °C
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Figure E.35: Havriliak-Negami relaxation fit for neat epoxy resin at -20 °C

Figure E.36: Havriliak-Negami relaxation fit for neat epoxy resin at -10 °C
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Figure E.37: Havriliak-Negami relaxation fit for neat epoxy resin at 0 °C

Figure E.38: Havriliak-Negami relaxation fit for neat epoxy resin at +10 °C
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Figure E.39: Havriliak-Negami relaxation fit for neat epoxy resin at +20 °C

Figure E.40: Havriliak-Negami relaxation fit for neat epoxy resin at +30 °C
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Figure E.41: Havriliak-Negami relaxation fit for neat epoxy resin at +40 °C

E.2.1 Havriliak-Negami fit parameters for neat epoxy resin systems
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E.3 Havriliak-Negami relaxation fit for 30AGNPE systems

The dielectric data of the 30AGNPE system for temperatures from -160 °C to 40 °C was
analysed using Havriliak-Negami fit function. The outcome of the analysis is plotted in
the figures below from Figure fig. E.45 to fig. E.64. The parameters used in the Havriliak-
Negami fit function are listed in Table E.2. To compare the de-convoluted peaks at
di�erent temperature, the peaks associated with the —- relaxation, the “- relaxation
and pre-alpha process are plotted in separate figures (Figure E.42 and Figure E.43
respectively.
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(a) 30AGNPE Sample Beta

(b) 30AGNPE Sample Gamma part 1

(c) 30AGNPE Sample Gamma part 2

Figure E.42: Plots of the deconvoluted temperature dependence of “ and —
relaxation peaks using Havriliak-Negami fit for 30AGNPE sample
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Figure E.43: Plots of the deconvoluted temperature dependence pre alpha pro-
cess using Havriliak-Negami fit for 30AGNPE sample
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E.3.1 Havriliak-Negami fit for 30AGNPE systems

Figure E.44: Havriliak-Negami relaxation fit for 30AGNPE at -160 °C

Figure E.45: Havriliak-Negami relaxation fit for 30AGNPE at -150 °C
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Figure E.46: Havriliak-Negami relaxation fit for 30AGNPE at -140 °C

Figure E.47: Havriliak-Negami relaxation fit for 30AGNPE at -130 °C
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Figure E.48: Havriliak-Negami relaxation fit for 30AGNPE at -120 °C

Figure E.49: Havriliak-Negami relaxation fit for 30AGNPE at -110 °C
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Figure E.50: Havriliak-Negami relaxation fit for 30AGNPE at -100 °C

Figure E.51: Havriliak-Negami relaxation fit for 30AGNPE at -90 °C
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Figure E.52: Havriliak-Negami relaxation fit for 30AGNPE at -80 °C

Figure E.53: Havriliak-Negami relaxation fit for 30AGNPE at -70 °C
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Figure E.54: Havriliak-Negami relaxation fit for 30AGNPE at -60 °C

Figure E.55: Havriliak-Negami relaxation fit for 30AGNPE at -50 °C
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Figure E.56: Havriliak-Negami relaxation fit for 30AGNPE at -40 °C

Figure E.57: Havriliak-Negami relaxation fit for 30AGNPE at -30 °C



216 Appendix E Appendix E

Figure E.58: Havriliak-Negami relaxation fit for 30AGNPE at -20 °C

Figure E.59: Havriliak-Negami relaxation fit for 30AGNPE at -10 °C



Appendix E Appendix E 217

Figure E.60: Havriliak-Negami relaxation fit for 30AGNPE at 0 °C

Figure E.61: Havriliak-Negami relaxation fit for 30AGNPE at +10 °C
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Figure E.62: Havriliak-Negami relaxation fit for 30AGNPE at +20 °C

Figure E.63: Havriliak-Negami relaxation fit for 30AGNPE at +30 °C
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Figure E.64: Havriliak-Negami relaxation fit for 30AGNPE at +40 °C

E.3.2 Havriliak-Negami fit parameters for 30AGNPE systems
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E.4 Havriliak-Negami relaxation fit for 30AGHE systems

The dielectric data of the 30AGHE system for temperatures from -160 °C to 10 °C was
analysed using Havriliak-Negami fit function. The outcome of the analysis is plotted in
the figures below from Figure fig. E.69 to fig. E.85. The parameters used in the Havriliak-
Negami fit function are listed in Table E.3. To compare the de-convoluted peaks at
di�erent temperature, the peaks associated with the —- relaxation, the “- relaxation,
pre-alpha process and the bi-furation of the “- relaxation are plotted in separate figures
(Figure E.65 and Figure E.66, E.67 respectively.
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(a) 30AGHE Sample Beta

(b) 30AGHE Sample Gamma part 1

(c) 30AGHE Sample Gamma part 2

Figure E.65: Plots of the deconvoluted temperature dependence of “ and —
relaxation peaks using Havriliak-Negami fit for 30AGHE sample
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Figure E.66: Plots of the deconvoluted temperature dependence pre alpha pro-
cess using Havriliak-Negami fit for 30AGHE sample
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Figure E.67: Plots of the deconvoluted temperature dependence bifurcation of
gamma process using Havriliak-Negami fit for 30AGHE sample

E.4.1 Havriliak-Negami fit for 30AGHE systems

Figure E.68: Havriliak-Negami relaxation fit for 30AGHE system at -160 °C
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Figure E.69: Havriliak-Negami relaxation fit for 30AGHE system at -150 °C

Figure E.70: Havriliak-Negami relaxation fit for 30AGHE system at -140 °C
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Figure E.71: Havriliak-Negami relaxation fit for 30AGHE system at -130 °C

Figure E.72: Havriliak-Negami relaxation fit for 30AGHE system at -120 °C
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Figure E.73: Havriliak-Negami relaxation fit for 30AGHE system at -110 °C

Figure E.74: Havriliak-Negami relaxation fit for 30AGHE system at -100 °C
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Figure E.75: Havriliak-Negami relaxation fit for 30AGHE system at -90 °C

Figure E.76: Havriliak-Negami relaxation fit for 30AGHE system at -80 °C
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Figure E.77: Havriliak-Negami relaxation fit for 30AGHE system at -70 °C

Figure E.78: Havriliak-Negami relaxation fit for 30AGHE system at -60 °C
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Figure E.79: Havriliak-Negami relaxation fit for 30AGHE system at -50 °C

Figure E.80: Havriliak-Negami relaxation fit for 30AGHE system at -40 °C
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Figure E.81: Havriliak-Negami relaxation fit for 30AGHE system at -30 °C

Figure E.82: Havriliak-Negami relaxation fit for 30AGHE system at -20 °C



232 Appendix E Appendix E

Figure E.83: Havriliak-Negami relaxation fit for 30AGHE system at -10 °C

Figure E.84: Havriliak-Negami relaxation fit for 30AGHE system at 0 °C



Appendix E Appendix E 233

Figure E.85: Havriliak-Negami relaxation fit for 30AGHE system at +10 °C
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E.4.2 Havriliak-Negami fit parameters for 30AGHE systems

E.5 Havriliak-Negami relaxation fit for 20AGHE systems

The dielectric data of the 20AGHE system for temperatures from -160 °C to 10 °C was
analysed using Havriliak-Negami fit function. The outcome of the analysis is plotted
in the figures below from Figure fig. E.89 to fig. E.106. The parameters used in the
Havriliak-Negami fit function are listed in Table E.4. To compare the de-convoluted
peaks at di�erent temperature, the peaks associated with the —- relaxation, the “-
relaxation, pre-alpha process, the secondary relaxation and the bi-furcation of the “-
relaxation are plotted in separate figures (Figure E.86 and Figure E.87, E.88 respectively.
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(a) 20AGHE Sample Beta

(b) 20AGHE Sample Gamma

Figure E.86: Plots of the deconvoluted temperature dependence of “ and —
relaxation peaks using Havriliak-Negami fit for 20AGHE sample



Appendix E Appendix E 237

(a) 20AGHE Sample Pre-Alpha

(b) 20AGHE Sample Secondary

Figure E.87: Plots of the deconvoluted temperature dependence of pre alpha
and secondary relaxation process using Havriliak-Negami fit for neat sample
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Figure E.88: Plots of the deconvoluted temperature dependence bifurcation of
gamma process using Havriliak-Negami fit for 20AGHE sample
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E.5.1 Havriliak-Negami fit for 20AGHE systems

Figure E.89: Havriliak-Negami relaxation fit for 20AGHE at -160 °C

Figure E.90: Havriliak-Negami relaxation fit for 20AGHE at -150 °C
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Figure E.91: Havriliak-Negami relaxation fit for 20AGHE at -140 °C

Figure E.92: Havriliak-Negami relaxation fit for 20AGHE at -130 °C
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Figure E.93: Havriliak-Negami relaxation fit for 20AGHE at -120 °C

Figure E.94: Havriliak-Negami relaxation fit for 20AGHE at -110 °C
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Figure E.95: Havriliak-Negami relaxation fit for 20AGHE at -100 °C

Figure E.96: Havriliak-Negami relaxation fit for 20AGHE at -90 °C
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Figure E.97: Havriliak-Negami relaxation fit for 20AGHE at -80 °C

Figure E.98: Havriliak-Negami relaxation fit for 20AGHE at -70 °C
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Figure E.99: Havriliak-Negami relaxation fit for 20AGHE at -60 °C

Figure E.100: Havriliak-Negami relaxation fit for 20AGHE at -50 °C
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Figure E.101: Havriliak-Negami relaxation fit for 20AGHE at -40 °C

Figure E.102: Havriliak-Negami relaxation fit for 20AGHE at -30 °C
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Figure E.103: Havriliak-Negami relaxation fit for 20AGHE at -20 °C

Figure E.104: Havriliak-Negami relaxation fit for 20AGHE at -10 °C
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Figure E.105: Havriliak-Negami relaxation fit for 20AGHE at 0 °C

Figure E.106: Havriliak-Negami relaxation fit for 20AGHE at +10 °C

E.5.2 Havriliak-Negami fit parameters for 20AGHE systems
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mal conductive composites prepared by addition of several ceramic fillers to ther-
mally cationic curing cycloaliphatic epoxy resins,” Polymers, vol. 11, no. 1, p. 138,
2019.

[50] J. M. Tomasi, J. A. King, A. S. Krieg, I. Miskioglu, and G. M. Odegard, “Ther-
mal, electrical, and mechanical properties of talc-and glass microsphere-reinforced
cycloaliphatic epoxy composites,” Polymer Composites, vol. 39, no. S3, pp. E1581–
E1588, 2018.

[51] H. Panda, Epoxy Resins Technology Handbook. Asia pacific business
press Inc., 2016. [Online]. Available: https://books.google.co.uk/books?id=
D0gtDQAAQBAJ

[52] M. J. Yoo, S. H. Kim, S. D. Park, W. S. Lee, J.-W. Sun, J.-H. Choi, and S. Nahm,
“Investigation of curing kinetics of various cycloaliphatic epoxy resins using dy-
namic thermal analysis,” European Polymer Journal, vol. 46, no. 5, pp. 1158–1162,
2010.

[53] E. Dogan and A. E. Acar, “The use of anhydride linkages to increase the glass
transition temperatures of polymers containing carboxyl end groups: a perspective
in powder coatings,” Progress in Organic Coatings, vol. 76, no. 2-3, pp. 513–518,
2013.

[54] J. Nakka, K. Jansen, and L. Ernst, “Tailoring the viscoelasticity of epoxy ther-
mosets,” Journal of Applied Polymer Science, vol. 128, no. 6, pp. 3794–3806, 2013.

[55] G. C. Stevens, “Cure kinetics of a low epoxide/hydroxyl group-ratio bisphenol a
epoxy resin–anhydride system by infrared absorption spectroscopy,” Journal of
Applied Polymer Science, vol. 26, no. 12, pp. 4259–4278, 1981.

[56] B. Steinmann, “Investigations on the curing of epoxy resins with hexahydroph-
thalic anhydride,” Journal of applied polymer science, vol. 37, no. 7, pp. 1753–1776,
1989.

[57] Y. Tanaka and H. Kakiuchi, “Study of epoxy compounds. part vi. curing reac-
tions of epoxy resin and acid anhydride with amine, acid, alcohol, and phenol as



254 REFERENCES

catalysts,” Journal of Polymer Science Part A: General Papers, vol. 2, no. 8, pp.
3405–3430, 1964.

[58] O. Vryonis, T. Andritsch, A. Vaughan, and P. Lewin, “Improved lightning protec-
tion of carbon fiber reinforced polymer wind turbine blades: Epoxy/graphene ox-
ide nanocomposites,” in Electrical Insulation and Dielectric Phenomena (CEIDP),
2016, pp. 635–638.

[59] F. Ardente, M. Beccali, M. Cellura, and V. L. Brano, “Energy performances and
life cycle assessment of an Italian wind farm,” Renewable and Sustainable Energy
Reviews, vol. 12, no. 1, pp. 200–217, 2008.

[60] D. C. Blackley, Polymer Latices: Science and Technology Volume 3: Applications
of Latices. Springer Science & Business Media, 2012.

[61] J. Njuguna, F. Ansari, S. Sachse, H. Zhu, and V. Rodriguez, “Nanomaterials,
nanofillers, and nanocomposites: types and properties,” in Health and Environ-
mental Safety of Nanomaterials. Elsevier, 2014, pp. 3–27.

[62] J. Jordan, K. I. Jacob, R. Tannenbaum, M. A. Sharaf, and I. Jasiuk, “Experimental
trends in polymer nanocomposites—a review,” Materials science and engineering:
A, vol. 393, no. 1-2, pp. 1–11, 2005.

[63] T. Andritsch, “Epoxy Based Nanodielectrics for High Voltage DC Applications:
Synthesis, Dielectric Properties and Space Charge Dynamics,” Ph.D. dissertation,
Doctoral dissertation, Delft University of Technology, 2010.
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