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Abstract 
 

Epoxy-based insulation materials are widely employed in electrical power systems due to 

their good dielectric and mechanical properties, as well as their cost-effectiveness. 

However, their long-term performance is often compromised by degradation from thermal, 

electrical, and mechanical stresses, particularly in high-density power applications. This 

thesis investigates the degradation mechanisms and presents strategies to enhance the 

durability of epoxy-based insulation materials, aiming to improve their reliability under 

demanding operational conditions. Specifically, the study addresses three interconnected 

topics: 1) assessing the role of voids in pure epoxy resin degradation, 2) examining the 

impact of interfacial voids on the reliability of epoxy composites, and 3) exploring 

molecular modification as a strategy for durability enhancement. 

 

First, the effects of voids and thermal aging on the mechanical reliability of epoxy resin 

are analyzed using Weibull statistical methods, revealing that voids significantly increase 

the scattering in strength, thereby threatening long-term reliability. Thermal aging 

introduces heterogeneous degradation from surface to core, with oxidation and molecular 

chain scission contributing to diminished mechanical stability. This study underscores that 

controlling void content during manufacturing is essential for maintaining structural 

integrity over extended service periods. 

 

Building on this foundation, the second part of the study investigates epoxy composites, 

which offer potential performance improvements but are limited by interfacial defects that 

can weaken the long-term reliability. To understand the impact of interface conditions on 

long-term properties, hydrophilic and hydrophobic fillers were incorporated into epoxy 

resin and subjected to hygrothermal aging. Results indicate that hydrophilic fillers enhance 

interfacial bonding, improving mechanical robustness and dielectric properties, while 

hydrophobic fillers, though moisture-repellent, show reduced long-term reliability due to 

weaker matrix adhesion. These findings emphasize the need to optimize filler-matrix 

interactions for balanced electrical and mechanical performance. 
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The third topic investigates molecular modification as an innovative approach to improve 

durability without relying on fillers, which could potentially overcome the limitations by 

filler addition such as interfacial defects and dispersion challenges. By incorporating 

specific functional groups into the epoxy structure, this study achieves significant 

enhancements in mechanical, dielectric, and thermal performance. These molecular 

modifications increase cross-linking density and introduce deep charge traps, thereby 

strengthening both dielectric reliability and mechanical resilience. This approach provides 

a molecular-level alternative for fortifying epoxy resins, expanding the spectrum of 

applicable durability improvement strategies. 

 

In summary, this thesis advances the understanding of defect-induced degradation in 

epoxy-based insulation materials and demonstrates the potential of molecular 

modifications for enhancing durability. By integrating theoretical insights with practical 

solutions, this work contributes to the development of robust, high-performance insulation 

materials, supporting more reliable and cost-effective power systems capable of meeting 

future operational demands. 
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Lay Summary 
 

Epoxy-based insulation materials are essential in electrical systems, where they protect 

equipment from electrical faults and help prevent system failures. These materials are 

widely used due to their good insulation properties, mechanical strength, and cost-

effectiveness. However, over time, these insulation materials degrade when exposed to 

high temperatures, electrical stress, and environmental moisture, which can reduce their 

effectiveness and reliability. This research investigates the causes of degradation in epoxy-

based insulation materials and explores strategies to enhance their durability, supporting 

the reliability of power systems in demanding conditions. 

 

One major factor impacting the lifespan of insulation materials is the presence of voids, 

which are unavoidable during manufacturing. These voids act as weak points both 

mechanically and electrically leading to early damage of the equipment. To address this, 

the study examines how controlling void content in epoxy resin can help reduce material 

failure.  

 

Additionally, this research explores epoxy resin composites, which can improve insulation 

performance but are often limited by issues at the connection between filler particles and 

the resin. To understand these effects, fillers with water-attracting (hydrophilic) and water-

repellent (hydrophobic) surfaces were added to the resin and subjected to long-term heat 

and humid aging. Hydrophilic fillers created stronger bonds with the resin, showing greater 

stability over time, while hydrophobic fillers, despite resisting moisture on its own, 

displayed weaker long-term reliability in composite due to poorer bonding. These findings 

emphasize the importance of optimizing filler-resin compatibility for durable composite 

performance. 

 

The study also introduces a novel approach to enhance insulation durability through 

molecular modification, which strengthens the epoxy structure without relying on addition 

of fillers. By introducing specific functional groups into the molecular framework of epoxy 



  Lay Summary 
 

iv 
 

resin, the material gains improved resistance to thermal, electrical, and mechanical stresses. 

This approach avoids common issues such as poor dispersion or interfacial defects 

associated with fillers, while still achieving superior durability in challenging applications. 

 

In summary, this study provides new insights into how epoxy-based insulation materials 

degrade and presents innovative solutions to extend their service life. These findings have 

the potential to make electrical power systems more reliable and efficient, reducing 

maintenance costs and enhancing safety, while supporting infrastructure advancements 

needed to meet future energy demands. 
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Chapter 1  
 

Introduction 
 

This chapter provides the overall research plan for the reliability 

study of polymeric insulating materials and the improvement of their 

durability. The background of polymeric insulations is briefly 

introduced, followed by the hypothesis and objectives of this research. 

Finally, the expected outcomes and challenges are discussed. 
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1.1 Hypothesis/Problem Statement 

 

Epoxy-based insulation materials are widely used in electrical power systems for their 

strong dielectric ability, mechanical durability, and cost-effectiveness. However, in 

harsh conditions, these materials degrade over time due to thermal, electrical, and 

environmental stresses. This degradation weakens their insulation performance, leading 

to potential equipment failures and safety concerns. Thus, the aim of this study is to 

enhance system reliability by understanding the degradation mechanisms of insulation 

materials and developing strategies to improve material durability, ultimately 

contributing to more robust performance in high-demand electrical applications. 

 

Defects are easily introduced in epoxy-based insulation materials. In pure epoxy resin, 

voids formed during manufacturing can act as stress concentration sites, accelerating 

material failure. In composite resins, fillers are added to enhance properties, but 

interfacial defects between fillers and the epoxy matrix can compromise stability. A 

more accurate evaluation of these effects on the long-term reliability of material is 

needed to deepen the understanding of degradation mechanisms. Additionally, 

strategies that enhance material performance while avoiding interfacial issues in 

composites must be developed. 

 

Thus, this thesis tests the hypothesis that: 

 

1. A more precise evaluation of void and thermal aging impacts on long-term 

reliability of epoxy resin can be achieved by applying statistical analysis to a large 

number of specimens with varying void content and subjecting them to accelerated 

thermal aging. 

 

2. The accuracy of understanding interfacial defect impacts on long-term 

performance of epoxy resin composites can be improved by analyzing how filler 

with different surface wettability affects the mechanical and dielectric properties 

under hygrothermal aging. 
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3. Enhancing epoxy resin performance through molecular modification can be 

achieved by introducing polar, bulky groups and crosslinking sites to increase 

breakdown strength, reduce dielectric loss, and improve thermal and mechanical 

stability. 

 

These hypotheses address both a critical understanding of degradation mechanism and 

improvement strategies, providing a foundation for enhancing the performance and 

reliability of epoxy insulation materials in challenging electrical applications. 

 

1.2 Objectives and Scope 

 

The present research focuses on improving the reliability and durability of epoxy-based 

insulation materials for electrical applications by investigating their degradation 

mechanisms and exploring performance enhancement strategies. This study 

specifically examines the impact of manufacturing-induced voids in epoxy resin, 

interfacial integrity in composites, and molecular modifications aiming at improving 

the mechanical, dielectric, and thermal performance and long-term stability. These 

insights aim to address the increasing demands for robust insulation in high-power-

density environments. 

 

The specific objectives of this research are: 

• Evaluate the aging mechanism and impact of voids on reliability of epoxy resin 

through accelerated thermal aging tests and statistical analysis. 

• Investigate effects of the filler-matric interface in epoxy composites on long-term 

stability of material by incorporating fillers with varying surface wettability. 

• Develop molecular modification techniques to improve dielectric durability, 

mechanical properties, and thermal resistance. 

 

1.3 Dissertation Overview 

 

This thesis investigates the degradation mechanisms and develops strategies to enhance 

the durability and reliability of epoxy-based insulation materials for electrical 

applications. 
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Chapter 1 outlines the research focus, presenting the rationale, objectives, and scope of 

the research. 

 

Chapter 2 reviews literature on degradation mechanisms in epoxy-based insulation 

materials, concentrating on the impacts of voids and filler-matrix interactions. This 

chapter also examines various strategies, especially on molecular modification, in 

improving the performance and longevity of epoxy resins in electrical applications. 

 

Chapter 3 describes the experimental methods used in this study, including sample 

preparation, statistical analysis, and various testing and characterization techniques. 

 

Chapter 4 quantitatively evaluates the impacts of thermal aging and voids on the long-

term performance of pure epoxy resin, demonstrating how void content and thermal 

aging influence the mechanical reliability. This chapter also reveals the heterogeneous 

degradation mechanism driven by oxygen diffusion. 

 

Chapter 5 investigates the influence of filler surface properties on interfacial bonding 

in epoxy resin composites, focusing on how different surface wettability affects 

material stability under hygrothermal conditions. 

 

Chapter 6 explores molecular modifications designed to enhance epoxy resin properties, 

assessing how targeted structural changes applied through a simple procedure with 

ultra-low modifier dosage can simultaneously improve dielectric, mechanical, and 

thermal performance. 

 

Chapter 7 concludes the thesis, summarizing key findings and proposing future 

research directions to further enhance the durability and reliability of epoxy insulation 

materials for electrical applications. 
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Chapter 2  
 

Literature Review 
 

This chapter presents a review of the current research on epoxy-based 

insulation materials, focusing on their degradation mechanisms and 

strategies for durability enhancement. It begins with an overview of the 

properties of epoxy resins and their significance in electrical 

applications, followed by a detailed discussion of their degradation 

mechanisms. The chapter then explores the integration of fillers as a 

strategy for improving various properties while addressing the 

challenges posed by interfacial defects, as well as the role of the interface 

between filler and polymer. Furthermore, it highlights molecular 

modification as a promising approach for enhancing the durability of 

epoxy resins. Finally, the implications of these findings for the reliability 

and durability of insulating materials are discussed, outlining research 

gaps that require further investigation.  
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2.1 Overview 

 

2.1.1 Polymeric Insulating Materials 

 

Polymeric materials play an essential role in the electrical power system as the insulating 

materials due to their good dielectric and mechanical properties. Epoxy resins are widely 

used as insulators or insulator housings in gas-insulated switchgear (GIS) for high-voltage 

systems [1]. The insulation performance can be reinforced by introducing fillers to obtain 

better thermal, dielectric and mechanical performances [2]. Crosslinked polyethylene 

(XLPE) [3], [4], [5], and polypropylene[6] are usually used as the cables in the power 

transmission system due to their good thermal and mechanical qualities.  Recently a 

random copolymer (RCP) and its composites, which show extraordinary electrical property, 

are also applied as cable materials [6]. A dielectric polymeric film such as polypropylene 

with metal deposited is used as the capacitor in electrical transmission systems [7], [8]. 

Polyester films and laminates with thermosetting adhesives are employed in motors and 

transformers [9]. 

 

As the insulation material, its mechanical strength, dielectric strength and aging resistance 

are important and need to be carefully evaluated to provide useful information for the 

power industry [10], [11]. 

 

2.1.2 Application of Epoxy Resins in Electrical System  

 

Epoxy resin, also called polyepoxides, are a family of thermosetting polymers which 

contain epoxide groups. It has a wide range of applications and especially plays an 

important role as an engineering material due to its excellent mechanical, electrically 

insulating and thermal properties in combination with its low price [12].  

 

Epoxy resins have a wide range of applications in daily life. They are widely used as 

protective coatings for various industries [13]. They are also employed as the matrix 

material in the aerospace industry with reinforcement by fibres [14]. Besides this, They  
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can improve efficiency and reduce the cost of many manufacturing processes by replacing 

traditional materials like wood and metal as machine tooling beds [15].  

 

Moreover, due to their good electrical and mechanical properties, they also play an essential 

role in the electrical power system as part of the insulators, generators, motors, 

transformers, winding condenser bushings and wire coatings [16]. Cooperated with mica 

papers and metals, epoxy resins are widely employed in operation equipment 

manufacturers to make the stator coil ground wall and random-wound stator insulation 

system [9], [17]. They can be coated on paper and used as the bushing of the winding 

condenser [16]. 

 

2.1.3 Chemistry of Epoxy Resin  

 

Epoxy resins are thermosets with high molecular weight, in which 2 or more oxirane rings 

or epoxy groups can be observed [18], [19]. They can be produced by polymerizing 

epoxides with low molecular weight using suitable crosslinking agents [20]. These 2 

components are introduced in detail in the following sections. 

 

2.1.3.1 Uncured Epoxy Resins  

 

Epoxides represent a series of chemicals consisting of a 3-membered ring including an 

oxygen atom bonded to 2 carbon atoms [21]. A typical example is illustrated in Figure 2.1. 

 
O

R  
Figure 2.1 Molecular structure of an epoxide [22]. 

 

Based on the functionality, they can be classified into 2 types. Difunctional epoxides 

(functionality f = 2) are commonly employed in a traditional application, such as the matrix 

of composites. Multifunctional epoxy resins (f > 2) display higher Tg than difunctional 
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epoxides due to their denser crosslinking networks, which can be used under severe 

conditions [20]. 

 

2.1.3.2 Curing Agent 

 

Curing agents can solidify the epoxy resin solution by crosslinking them to form a 

thermosetting network. There are various combinations of epoxy resin and coupling agents, 

which give a diversity of performances of epoxy resin and reach different requirements in 

various applications [23], [24], [25], [26]. Phenol, anhydrides, polyamides and amines 

including aliphatics, cycloaliphatics, and aromatics are commercially used as curing agents 

for the manufacture of epoxy resin [13], [27]. Normally, more than 2 reactive functional 

groups (f > 2) are required in the curing agents to enable the crosslinking effects. 

 

2.1.3.3 Curing Reaction  

 

With curing agents, fluid epoxy resins develop the network structure and become solid 

epoxy resin, which is the so-called curing process of epoxy resin. Epoxides can react with 

different types of curing agents to gain molecular weight as illustrated in Figure 2.2. 

 

 
Figure 2.2 Reactions between epoxides and curing agents with different functional groups. 

Reproduced with permission from [28]. 

 

The whole curing process has 2 specific stages: gelation and vitrification. During gelation, 

the molecules grow larger and larger, forming the rubber-like system. With the 
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development of the network structure, the molecular weight of the polymer increases 

further due to continued crosslinking and the material undergoes a transition from a rubber 

to a glass. This is the vitrification stage, in which the Tg of the polymer increases above the 

reaction temperature, resulting in the hindrance of the movement of molecules. With a 

higher temperature, the molecules become movable again and a higher conversion can be 

reached, which is denoted as post-curing of epoxy resin [29]. 

 

2.1.4 Degradation in Epoxy Resin 

 

The electrical insulation materials will degrade under electrical, thermal, mechanical, and 

environmental stresses, leading to the final breakdown of the insulation system. The 

degradation, or aging process is complicated and usually caused by multiple stresses [30]. 

Thus, it is important to investigate the mechanisms of aging and evaluate the degradation 

of the system carefully to provide useful information during life prediction. 

 

2.1.4.1 Thermal Aging 

 

When used in electronic devices and electrical equipment, polymeric materials are required 

to withstand high voltage and high heat flux [31], [32]. Excessive heat is easily 

accumulated during service and causes increasingly severe thermal aging, limiting the 

service life of the apparatus [33], [34]. Under thermal stress, chemical and physical changes 

occur in the polymers, causing a change in molecular structure, resulting in a change in 

final performances [35], [36]. Different stages of the aging process of thermosets were 

revealed: the mechanical property is enhanced at the beginning due to post-crosslinking 

and then decreased because of the chain scission, accompanied by oxidation of active 

groups [37], [38], [39]. Interestingly, different aging behaviors were observed in the sample 

core and skin [36], [40]: Oxidation and molecular chain rearrangement occurred in the skin, 

accompanied by a reduction in the free volume fraction, while these changes were not 

detected in the core. However, the increase in flexural modulus and the reduction in break 

strain indicate an enhanced cross-linkage of the bulk. This finding is in contradiction with 

the previous results, and further investigation is required for greater clarity. Furthermore, 
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the brittleness and degree of scatter in the strengths increased over the aging time [36], [41], 

indicating increased mechanical scattering, emphasizing the need for further analysis to 

accurately determine the impact of such fluctuations on reliability. Given this background, 

it is crucial to evaluate the thermal aging behavior of epoxy resin, especially its effect on 

mechanical reliability, and reveal the principles behind it. Such a study could provide 

useful information for material design as well as lifetime prediction for practical usage.  

 

2.1.4.2 Electrical Aging and Breakdown 

 

Electrical reliability is also very important for insulating materials. When an electrical 

breakdown occurs, it is irreversible and causes a breakdown channel in the polymeric 

materials [42], leading to the final breakdown of the whole system. Thus, it is necessary to 

identify the mechanism of electrical breakdown and improve its dielectric reliability. 

 

1) Electrical tree  

 

Electrical treeing is the main reason for the electrical breakdown of polymeric insulations 

due to the degradation of materials under high electric fields [43], [44]. Numerous 

literatures have discussed the electrical treeing in polymeric insulations. The electrical tree 

is normally initiated by contaminations or defects, e.g., voids in materials [45]. Electrical 

stress is concentrated in these areas and microtubes occur. With the existence of partial 

discharge, the microchannels propagate and form branch structures that cause the final 

breakdown of the whole material [46]. Ibrahim et al. suggested that there are 5 stages of 

electrical treeing: initiation, fast-forward tree growth, fine tree growth, darkening fine tree 

channels, and reverse tree growth [47]. 

 

Chen et al. illustrated 2 typical shapes of electrical tree growths in XLPE with a tip to 

counter electrode distance at 1 mm, as shown in Figure 2.3 and Figure 2.4 [48]. The shape 

of the electrical tree is severely dependent on the voltage applied. Bush trees are likely to 

occur when the electrical field is high. 
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Figure 2.3 Branch trees grown in XLPE at 11 kV [48]. No permission is required for thesis 

purposes. 

 

 
Figure 2.4 Bush trees grown in XLPE at 13, 15, 18, 23 and 27 kV [48]. No permission is 

required for thesis purposes. 

 

2) Partial discharge 

 

During electrical treeing, partial discharge signals can be observed. It is widely considered 

as the energy source of electrical tree growth. The patterns of partial discharges were found 

to be in good correlation with different phases of the electrical treeing, as shown in Figure 

2.5 [47]. Thus, partial discharge is suitable for monitoring the electrical degradation of 

polymeric insulation materials[49]. 
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Figure 2.5 Images of different stages of electrical treeing and corresponding partial discharge 

patterns [47]. No permission is required for thesis purposes. 
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Two types of typical partial discharge patterns were observed in the electrical tree: 1) wing-

like and 2) turtle-like as shown in Figure 2.6 [76]. Wing-like patterns represent the partial 

discharges in long channels of the tree, while turtle-like patterns occur when a short branch 

is growing. 

 

 
Figure 2.6 Partial discharge patterns observed in electrical treeing [50]. No permission is 

required for thesis purposes. 

 

3) Space charge accumulation 

 

Space charge accumulation, resulting from the charge injection, represents the local 

concentration of electrical overstresses. With the accumulation of space charge, the 

distortion of the electric field occurs, which has impacts on the final breakdown of 

insulators [51], [52]. Accordingly, suppression of space charge accumulation can improve 

the reliability of insulating materials [53].  

 

2.1.5 Impact of Defects on Reliability 

 

Thermoset polymers are widely used as structural materials. A deep understanding of how 

to resist and support the loads is necessary, and their long-term mechanical behaviour, 

especially with the existence of voids should be understood and described as accurate as 

possible. On the other hand, the brittle nature of the thermosets poses a challenge to the 

description of the mechanical strength of this group of materials. 
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2.1.5.1 Voids in Epoxy Resin 

 

During the manufacturing process, air can be easily introduced and trapped in the epoxy 

resin solution because of its high viscosity. The application of fillers in the epoxy matrix 

also leads to the appearance of voids, which is a common concern in polymer composites, 

especially for layered materials [54], [55], [56], [57]. The presence of defects would affect 

the mechanical properties of thermosets like epoxy resin due to their brittleness [58]. The 

localized flaws can lead to the entire failure of the material. Therefore, it is important to 

investigate the impact of voids on the mechanical performance of the epoxy resin. 

 

2.1.5.2 Brittleness of Epoxy Resin 

 

Brittleness is one of the mechanical features of materials. Materials which are easily broken 

or cracked are classified as brittle materials. This type of materials shows limited amount 

of energy adsorption before failure occurs, which is indicated by little plastic deformation 

before fracture. Most inorganic non-metallic materials, such as ceramics and glass, show 

brittleness. 

 

Brittleness is common in thermosets like epoxy resin, which is the major factor in their 

mechanical failure [35], [59], [60], [61]. Due to the fast growth of cracks in a brittle 

material, the mechanical behaviour of brittle materials is not as straightforward as ductile 

materials, presenting a fluctuating failure strength in thermosets [58]. This means the 

measured strength of the materials with the same composition and processing conditions 

might have a large scatter among samples prepared under the same conditions. This scatter 

can be explained by Griffith’s theory: the fracture is initiated by the most severe defect in 

the brittle material, which is always different in each testing sample. This uncertainty 

causes uncertainty when describing the mechanical properties by the mean value of the 

measured strength, which is the most commonly used design parameter for the strengths 

of materials. Thus, a more accurate statistical analysis method is more appropriate to 

describe the mechanical property of epoxy resin. More efforts are required to accurately 

characterize the mechanical performance of epoxy resin [58], particularly when it contains 
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pre-existing flaws and is expected to sustain long-term service stresses (mechanical, 

thermal, electrical). 

 

2.1.5.3 Evaluation of Mechanical Properties of Epoxy Resin 

 

The mechanical properties of epoxy resin, including Young’s modulus, tensile strength, 

elongation at failure, and fracture toughness, serve as key indicators of its overall 

mechanical performance. In particular, tensile strength is often used by designers when 

developing load-bearing structures and components. Therefore, accurately characterizing 

these mechanical properties is essential for industrial applications. Mechanical testing, 

which provides valuable insights into the properties of materials, is a crucial method in 

material design and processing. Tensile testing is commonly used to measure the 

mechanical property of the bulk material, which is sensitive to the presence of defects, 

especially for brittle materials. 

 

The stress-strain curve, which reveals the mechanical response of materials, can be 

produced by tensile testing. Stress is the force applied per unit area which results in the 

deformation, while a strain is defined as the amount of the deformation in the direction of 

stress applied divided by initial dimensions. The stress-strain curves for different types of 

materials are illustrated in Figure 2.7 [62]. The brittleness of materials can be obviously 

identified in the obtained stress-strain curve. 
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Figure 2.7 The stress-strain curves for different types of materials [62]. Open access, no 

permission is required. 

 

The standard method used for the tensile strength of polymers is ASTM D638 with a bone-

like sample shape. Normally, the tensile strength is obtained by simply averaging several 

results of several test samples in the group [63], [64], [65]. However, due to the brittleness 

of the material, the variance between the measured data is quite large, indicating the 

inaccuracy of this method [41], [66], [67]. Therefore, a more reliable analysis should be 

introduced. Since epoxy resin shows high brittleness, the method to characterize the 

mechanical behaviour of brittle materials should be considered. 

 

2.1.5.4 Weibull analysis for mechanical behaviour 

 

The Weibull distribution was developed in the 1950’s and is widely used to describe the 

mechanical performance of brittle materials like ceramics [68]. Since epoxy resin shows 

brittleness in the mechanical testing, Weibull distribution should be an appropriate tool to 

describe the mechanical strength of this type of materials. 

 

1) The concept of Weibull distribution 

 

The theory behind the Weibull distribution is that the failure of a chain is caused by the 

failure of the critical link of the chain (the weakest link). This distribution can be expressed 

as follows [69]: 
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𝑃𝑃 = 1 − exp �− �
𝜎𝜎 − 𝜎𝜎𝑢𝑢
𝜎𝜎0

�
𝑚𝑚
� (Equation 2.1) 

 

where P indicates the cumulative fracture probability of the samples under a stress σ. σ0 is 

the scale parameter, and m is the Weibull modulus, which illustrates the extent of scatter 

of the breakdown strength. σu is a threshold, which indicates the possibility of failure is 0 

if the stress is lower than σu. Generally, this threshold is regarded as 0 due to the nature of 

the brittle material. Consequently, Equation 2.1 can be simplified as a 2-parameter function 

as shown in Equation 2.2 [70]. 

 

𝑃𝑃 = 1 − exp �− �
𝜎𝜎
𝜎𝜎0
�
𝑚𝑚
� (Equation 2.2) 

 

This function is widely used to describe the fracture strength of brittle materials. From a 

large quantity of measured data, these 2 parameters in this function can be calculated, 

which are characteristics of materials. Since the principle of this theory is widely applicable, 

it can also be applied to characterize other properties, like hardness or even electrical 

breakdown strength [71], [72], [73] and so on. 

 

To consider the impact of defects, the parameter representing volume defect density with 

the unit of m-3 is introduced. The whole material is divided into very tiny parts, each with 

a volume of dV and a defect density of ρ. Thus, the probability of failure can be written as: 

 

𝑃𝑃 = 1 − exp �−� �
𝜎𝜎
𝜎𝜎0
�
𝑚𝑚
𝜌𝜌𝜌𝜌𝜌𝜌

 

𝑉𝑉
� (Equation 2.3) 

 

Assuming the homogeneity of the material and uniform distribution of defects, this 

equation can be simplified as: 
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𝑃𝑃 = 1 − exp �− �
𝜎𝜎
𝜎𝜎0
�
𝑚𝑚
𝜌𝜌𝜌𝜌� (Equation 2.4) 

 

Rearranging Equation 2.4, a linear curve can be obtained: 

 

𝑙𝑙𝑙𝑙 �𝑙𝑙𝑙𝑙 �
1

1 − 𝑃𝑃�
� = ln( 𝜌𝜌𝜌𝜌) + 𝑚𝑚 𝑙𝑙𝑙𝑙

𝜎𝜎
𝜎𝜎0

(Equation 2.5) 

 

𝑙𝑙𝑙𝑙 𝜎𝜎
𝜎𝜎0

 and 𝑙𝑙𝑙𝑙 �𝑙𝑙𝑙𝑙 � 1
1−𝑃𝑃

��  can be obtained by curve-fitting from experimental data. By 

plotting this curve, 𝑚𝑚  as the slope and ln( 𝜌𝜌𝜌𝜌) as the intercept can be obtained. Since the 

volume 𝑉𝑉 can be measured, defects density 𝜌𝜌 can be calculated. 

 

2) Weibull analysis in mechanical characterizations of ceramics 

 

Numerous research is related to the application of Weibull distribution in the mechanical 

characterization of brittle materials, especially ceramics. The strength reliabilities of 

ceramics with various applications can be accurately evaluated by Weibull distribution [74], 

[75], [76], [77]. Besides this, this Weibull analysis was also employed to describe other 

mechanical natures of ceramics like fatigue and crack growth [78], elastic modulus and 

hardness [79], [80], and fracture toughness [81]. The impact of porosity on the mechanical 

behaviour of ceramics was also studied by Weibull analysis[82]. It is proved that the 

increase of porosity can cause a reduction in Weibull modulus and strength. 

 

3) Weibull analysis used in epoxy thermosets 

 

As discussed before, Weibull analysis has been commonly used in the characterization of 

ceramics, indicating its accuracy in describing the mechanical behaviour of brittle materials. 

Therefore, it has the potential to be employed in the mechanical characterization of 

thermosets like epoxy resin to provide accurate mechanical information for the industry. 

However, few reports apply this theory to describe the mechanical behaviour of epoxy 
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resin, and most of them do not focus on the impact of porosity on thermosets.  

 

Among the limited reports, Barbero applied this theory to analyze the variability of the 

mechanical performance of composites and proposed a novel 3-parameter Weibull 

distribution [83]. Naresh used a 2-parameter Weibull function to investigate the mechanical 

reliability of the laminates with epoxy/glass and epoxy/carbon [84]. In their opinion, 

Weibull analysis can provide useful information on the scattered mechanical behaviour 

caused by inhomogeneity and brittleness. 

 

2.1.6 Epoxy Resin Composites 

 

Insulating materials in electrical systems require excellent electrical resistance combined 

with long-term thermal and mechanical reliability during service. Research efforts to 

enhance the performance of polymeric insulating materials under aging conditions have 

grown steadily, with particular focus on various improvement strategies. Among these 

approaches, the incorporation of micro- and nano-sized inorganic oxides into epoxy resin 

has been extensively studied for decades. This strategy has demonstrated significant 

improvements in the electrical, thermal, and mechanical properties of insulation systems. 

 

2.1.6.1 Selected Properties Summary of Epoxy Resin and Fillers 

 

To better understand the electrical and thermal properties of polymer composites, Table 

2.1 provides an overview of key characteristics for epoxy resin and commonly used fillers. 

This includes properties such as permittivity, bandgap, and thermal conductivity, which 

are essential for evaluating and optimizing the performance of these materials in various 

applications. 

 
Table 2.1  Key characteristics for epoxy resin and fillers 

Name 
Relative 

permittivity 

Breakdown 

strength Eb (α)  

[kV mm-1] 

Thermal 

conductivity  

[W m−1 K−1] 

Band gap  

[eV] 



Literature Review  Chapter 2 
 

20 
 

Epoxy resin 

4 (10-1-105 Hz, 

20-60℃) [85] 

4 (4x102-106 Hz) 

[86] 

3.6 (10-2-107 Hz,  

-20-80℃) [87] 

182±5 (50Hz AC, 

70μm film, D149) 

[85] 

52.3 (50Hz AC, 

1mm, D149) [86] 

288 (DC, 60μm film) 

[88] 

0.168 [89] 

0.166 [90] 
\ 

SiO2 

(Amorphous) 

2.3-3.8 (1kHz) 

[87], [91] 
1000 [92] 1 (200℃) [93] 

9.0 [94] 

8 [92] 

BN  

(h-BN) 

3.29-4.97 (1layer-

bulk, in-

plane/out-of-

plane, multi-

frequency) [95] 

1200 [96] 

602-751  

(1-3layer, RT) 

[97] 

220-420 [98] 

6.08 [99] 

 

AlN 

8.8[87] 

2.3-3.8 (1kHz) 

[91] 

50-68 (AC) 

84-151 (DC) [100] 
30 [93] 6.2 [101] 

SiC 6.52-10.03 [102] 300 [103] 
42 [93] 

120 [104] 

3.2-3.3 

(4H-SiC) 

2.4 (3C-

SiC) [105] 

TiO2  

(Rutile) 
86-170 [102] 

4 [106] 

8.5 (bulk) 

0.40–0.84 

(nanotube) 

[107] 

3.03 [108] 

TiO2 (Anatase) 22.7-45.1 [109] 3.20 [108] 

Al2O3 

(Corundum) 
11 [87] 

9 (1kHz) [91] 

9 [110] 

16.9 (AC) [111] 
25 [93] 

8.3  [112] 

Al2O3 

(Amorphous) 

3.64 ± 0.04 

[113] 

~3.2 [114] 

MgO 
9.7 [87] 

3.9 [115] 
\ 41 [93] 7.77 [116] 

BaTiO3 
4000 (25℃),  

2000 (120℃) [91] 
\ 2.65 [117] 

2.53-3.08 

(various 

size NP) 

[118] 
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2.1.6.2 Improvement in dielectric properties 

 

The application of micro- and nano-composites in insulating systems is an increasingly 

popular topic recently. This compositing strategy is effective to improve the electrical 

properties of material, such lower dielectric loss, stronger dielectric breakdown strength 

and higher resistivity. 

 

1) Dielectric Constant and Loss 

 

Through integration of fillers, the dielectric constant of epoxy-based composites can be 

tailored to values either higher or lower than those of neat epoxy resin. The increase of the 

dielectric constant can be mainly attributed to the higher intrinsic relative permittivity of 

fillers compared to epoxy resin and the presence of inclusions such as moisture on the 

nanoparticle surfaces. Conversely, decreases in dielectric constant are generally attributed 

to fillers with lower intrinsic dielectric constant compared to epoxy resin, along with 

restricted polymer chain mobility in the interfacial region between the fillers and the epoxy 

matrix [119]. 

 

In addition to the intrinsic properties of fillers, the dielectric constant is highly sensitive to 

filler size. Microparticles commonly increase the dielectric constant of epoxy resin 

composites [86], [120]. Nanoparticles such as Al2O3, MgO, AlN [87] and TiO2 [86], [120], 

[121] tend to decrease dielectric constant at low concentrations but increase it above that 

of pure epoxy resin when added in higher amounts. However, the increase in dielectric 

constant with a high concentration of nanoparticles remains lower than the increase 

observed with an equivalent concentration of microparticles [86], [120], [121]. In 

nanocomposites, the particle size of the nanoparticles has an even greater influence on 

dielectric constant than their intrinsic properties. Smaller nanoparticles lead to a more 

pronounced reduction in dielectric constant, even when compared to larger nanoparticles 

with lower intrinsic dielectric constant.  
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Another factor impacting dielectric constant is the shape of the fillers. For instance, epoxy 

resin with TiO2 nanowires exhibits a higher dielectric constant compared to composites 

with TiO2 particles at the same loading [90]. The specific area of nanowires is smaller than 

the nanoparticles (39.8 and 82.6 m2 g-1, respectively). This smaller interfacial area leads to 

the increase in the dielectric constant. 

 

The concentration of nanoparticles affects dielectric constant in two distinct ways as 

loading increases. Initially, dielectric constant tends to decrease with a small amount of 

nanoparticles added. However, dielectric constant increases when the filler amount 

surpasses a certain threshold. The first reason is that the nanoparticles tend to agglomerate 

when the amount is high, thereby decreasing the interfacial area and the amount of 

restricted polar groups. Secondly, the nanoparticles which have a higher intrinsic dielectric 

constant than epoxy resin start to contribute to the dielectric constant of the composite since 

the particles occupy a significant volume fraction, thereby increasing the dielectric constant 

of the composite [86], [120], [122]. 

 

The addition of microparticles generally increases the dielectric loss [86], [120], which 

causes more localized heat and accelerated aging. However, the introduction of 

nanoparticles can decrease the dielectric loss when the added amount is low. For TiO2, a 

decrease in dielectric loss was observed in 1 wt.% dosage, while an increase in that was 

found with a higher dosage at 5 wt.%.  

 

2) Dielectric Breakdown Strength 

 

The dielectric breakdown strength is a vital parameter when determining the insulation 

properties of the material. According to the model proposed by Tanaka [123], bound and 

bonded layers are much more resistant to partial discharge than the loose layer and polymer 

matrix. During the electrical treeing, micro- and nano-particles can act as barriers against 

tree growth, resulting in the improvement of electrical reliability [124], [125], as shown in 

Figure 2.8 [126]. These particles also introduce numerous deep traps capable of capturing 

injected charges and suppressing space charge accumulation. Various inorganic particles 
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are employed as fillers in insulating materials to improve their breakdown strength. The 

researcher has reported that the DC breakdown strength of composites with SiO2 is higher 

than Al2O3 and followed by AlN [127].  

 
Figure 2.8 Electrical tree growth in micro- and nano-composites [126]. Open access, no 

permission is required. 

 

However, the addition of particles can also introduce defects such as voids at the interface 

between particles and the polymer matrix, which may accelerate electrical tree growth and 

decrease the breakdown strength. Moreover, the presence of fillers can lead to a mismatch 

between the filler and polymer matrix, causing electric distortion and potentially degrading 

critical properties such as breakdown strength, dielectric loss, and electrical resistivity 

[128]. Therefore, the electrical properties of epoxy-based composites depend heavily on 

the interfacial condition between fillers and the polymer matrix.  

 

2.1.6.3 Improvement in Thermal Properties 

 

High-voltage electrical systems generate substantial heat, which poses a significant 

challenge for epoxy-based insulation materials due to their inherent low thermal 

conductivity [31], [32], [129] that accelerates thermal aging [33]. The resulting thermal 

stress triggers degradation mechanisms including molecular chain breakage, structural 

reorganization, and oxidative processes [37], [38], [39], ultimately compromising the 

material performance and system reliability. The incorporation of SiO2 into the epoxy resin 

is a cost-effective strategy to improve heat resistance. Research has demonstrated notable 



Literature Review  Chapter 2 
 

24 
 

improvements, with one study showing that a 4 wt% SiO2 addition resulted in a 12°C 

elevation in glass transition temperature (Tg) [130].  

 

Improving the thermal conductivity by incorporating inorganic particles [131], [132] is also 

a commonly used strategy to obtain a reliable performance of the insulation system. Oxides 

such as SiO2 [133], nitrides such as BN, AlN nanoparticles, are reported to be effective to 

improve the thermal conductivity of epoxy resin due to their high intrinsic thermal 

conductivity [134], [135]. Besides the thermal behaviour of fillers, the size and morphology 

of fillers also affect the final thermal conductivity of composites [136]. Composites with 

micro fillers usually show higher thermal conductivity than those with nanofillers. Kochtov 

attributed this effect to the more phonon scattering on the larger surface area of 

nanoparticles [89]. The fillers with higher aspect ratios, such as nanowires, can increase 

the thermal conductivity of composites more efficiently [90]. A longer nanowire is more 

beneficial for heat transfer than spherical nanoparticles as they form thermally conductive 

channels. In addition, a good interaction between filler and matrix, which can be obtained 

by modifying the surface of the filler, decreases the interfacial thermal resistance and 

reduces defects like voids. Ultimately, it results in the reduction of phonon scattering and 

improved thermal conductivity [137]. 

 

2.1.6.4 Mechanical Enhancement 

 

Extensive research highlights that nano- and micro-composites often exhibit superior 

mechanical properties compared to pure polymers. These enhancements are commonly 

observed in stiffness, strength, and toughness due to the reinforcing effects of the fillers 

[138], [139], [140], [141]. For instance, Becker et al. [142] reported a 20% increase in 

modulus in resin systems with a 10% concentration of organoclay, attributing the improved 

stiffness to the presence of exfoliated high-aspect-ratio platelets. This reinforcement 

mechanism arises from shear deformation and efficient stress transfer within the platelet 

particles. Similarly, Chan et al. [143] found that adding just 5 wt.% of nanoclay increased 

the composite’s Young’s modulus and tensile strength by 34% and 25%, respectively, 

compared to the unfilled polymer. 
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2.1.7 Interface Between Filler and Polymer Matrix 

 

The interface between the filler and polymer matrix plays a crucial role in the composite’s 

properties. The molecules and dipoles in the interface layer close to particle can be 

restricted, causing the enhancement in mechanical properties and reduction in polarization 

[122]. In addition, deep traps are developed in the interface layer, improving the dielectric 

durability [123]. The impact of interface is more significant in nano composites than micro 

composites, due to the higher interfacial volume brought by smaller particle, as shown in 

Figure 2.9 [144]. However, poor interaction can lead to electric distortion and potentially 

degrade critical properties such as dielectric breakdown strength, dielectric constant/loss 

[128], [145], [146], toughness and mechanical strength [147]. Therefore, a deep 

understanding of the interactions between fillers and matrices is essential for optimizing 

the performance and functionality of particulate-filled polymers. 

 

Figure 2.9 Change of ratio between particle and interface volume as a function of particle size 

[144]. No permission is required for thesis purposes. 

 

2.1.7.1 Multi-core model for nanocomposites 

 

Tanaka et al. [123] proposed a multi-core model to reveal the interaction between filler and 

polymer matrix, as shown in Figure 2.10. There are 3 layers: 
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1) The first layer (inner bonded layer): Polymer chains are chemically bonded to the 

particle surface by coupling agents. This layer only exists when coupling agents are 

used. 

2) The second layer (bond layer): Polymer chains strongly interact with the first layer. 

The mobility of polymers is restricted in this layer. 

3) The third layer (loose layer): Polymer chains weakly interact with the second layer. 

 

 
Figure 2.10 Multi-core model for nano-particle-polymer interfaces [123]. No permission is 

required for thesis purposes. 

 

2.1.7.2 Impact of Interfacial Area on Electrical Properties 

 

1) Dielectric Constant and Loss 

 

The interface between fillers and polymer matrix shows a great impact on the electrical 

performance of the composites [148]. Kochetov [87] and Tanaka [123] proposed the 

interfacial region as the “third phase”. In this region, there are immobilized polymer chains, 

and polar groups in these chains are less able to follow changes in the applied external 

electric field, resulting in a decrease in dielectric constant and loss. With surface-modified 

nanoparticles which can improve the interface bonding, the dielectric loss in composites is 
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even lower than that in composites without surface modification on particles [85], [88]. 

The thickness of this interface is independent of the filler size. Nanoparticles have a higher 

surface area than microparticles, resulting in a larger third phase. Thus, more polar groups 

are restricted, causing a decrease in relative permittivity [122]. However, the presence of 

voids between fillers and matrix due to poor interaction may act as the weak point during 

usage, which should be avoided [149], [150]. 

 

2) Dielectric Breakdown 

 

The dielectric breakdown strength of epoxy-based composites depends heavily on the 

interfacial condition between fillers and the polymer matrix. The deep carrier traps can be 

introduced in the first and second interface layers, improving the dielectric durability [123] 

by charge trapping mechanism. Besides, the ligands with electron-withdrawing groups or 

π-conjugated ligands in some surface modifier could act as the electron traps [88], [151], 

increasing the breakdown strength effectively. Higher DC breakdown strength can be 

observed in composites with smaller filler sizes due to its larger interfacial area [144]. 

However, the addition of particles can also introduce defects and voids at the interfacial 

area, which may accelerate electrical tree growth and decrease breakdown strength.  

 

2.1.7.3 Impact of Interfacial Area on Other Properties 

 

The enhanced mechanical properties of these composites can be attributed to two main 

factors: effective interfacial bonding and proper dispersion of fillers. Strong interfacial 

adhesion allows efficient load transfer between the polymer matrix and fillers, while well-

dispersed fillers increase the surface area over which this reinforcement occurs, leading to 

greater resistance to crack propagation. For example, a propagating crack interacts with 

numerous nanoparticles rather than bypassing large microparticles, which requires more 

energy and improves toughness [152]. 

 

However, if the interface or dispersion is inadequate, these benefits may not be realized, 

and the composite's properties may be compromised. Rong et al. [153] demonstrated that 
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poor dispersion and inhomogeneous filler distribution can significantly reduce 

performance, particularly in wear resistance. Therefore, the advantages of nanocomposites 

hinge critically on achieving optimal interfacial interactions and uniform filler dispersion 

within the polymer matrix. 

 

Interfacial condition is also important for thermal properties. There is no obvious trend in 

Tg when TiO2 nanoparticles were introduced, but after surface treatment on particles, the 

Tg increased. Lizundia [154] attributed the increase in Tg to the improved dispersion of 

nanoparticles in the polymer matrix due to surface modification. However, Zhao [155] and 

Yeung [85] observed a decrease in Tg when the surface modification was applied to the 

particles. 

 

2.1.7.4 Factors Weakening Performance 

 

As discussed above, a dense interface between the filler and polymer matrix is essential to 

achieving multiple performance improvements. However, imperfections at the interface 

are often unavoidable in practical applications, potentially leading to adverse effects on the 

performance. 

 

1) Interfacial Defects 

 

Interfacial defects between the filler and polymer matrix brought by micro and nano fillers 

are inevitable, severely weakening electrical and mechanical performance. These defects 

act as sites for stress concentration and potential paths for breakdown under electrical stress. 

Furthermore, such imperfections can reduce the efficiency of load transfer and create 

regions where electrical charges may accumulate, increasing the risk of partial discharge 

and ultimately reducing the breakdown strength of the composite. 

 

2) Dispersion Issue 
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Uniform dispersion of fillers within the polymer matrix is crucial to ensure consistent 

performance across the composite material. Poor dispersion leads to agglomeration of filler 

particles, creating localized regions with different dielectric and thermal properties than 

the surrounding matrix. These agglomerates can serve as points of weakness where 

electrical or mechanical failure may initiate, thus reducing the reliability and longevity of 

the material. Techniques such as surface modification of fillers or the use of surfactants are 

often employed to improve dispersion, although they also add complexity to the 

manufacturing process. 

 

3) Amount of Fillers 

 

Although fillers can significantly enhance the breakdown strength of insulating materials, 

there is a practical limit to the filler concentration due to increased processing chanllenges, 

particularly in nanocomposites. As filler concentration increases, voids and other 

imperfections are more likely to form, and nanoparticles tend to absorb moisture due to 

their high surface area. This absorbed moisture can further degrade electrical insulation 

properties, leading to a significant reduction in breakdown strength when filler content 

becomes excessive [149]. 

 

2.1.8 Surface Wettability and Interface 

 

2.1.8.1 Concept of Wettability 

 

Surface wettability is a critical property that describes how a liquid interacts with a solid 

surface, quantified by the contact angle (CA) formed between the liquid droplet and the 

surface. A lower contact angle indicates a hydrophilic surface (θ < 90°), which readily 

attracts water and allows it to spread, while a higher contact angle signifies a hydrophobic 

surface (θ > 90°), which repels water. Specifically, surfaces with a contact angle less than 

10° are considered extremely hydrophilic, whereas those exceeding 150° are classified as 

extremely hydrophobic [156].  
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The water contact angle (WCA) serves as a quantitative measure of this wettability, with 

lower values correlating with increased hydrophilicity and higher values indicating 

hydrophobicity [157]. The chemical composition of the surface determines its polarity and 

surface energy, which are critical in defining the WCA [158]. In addition, the surface 

roughness also has impact on the measured WCA of material, as shown in the Wenzel 

model: 

 

cos 𝜃𝜃𝑤𝑤 = 𝑅𝑅 cos 𝜃𝜃0 (Equation 2.6) 

 

In this equation, 𝜃𝜃𝑤𝑤 is the measured contact angle, while 𝜃𝜃0 is the contact angle on a flat 

surface, and 𝑅𝑅 is the surface roughness factor, defined as the ratio of the actual surface area 

in contact to its projection on a flat plane, which is always greater than or equal to 1. When 

𝜃𝜃0 is below 90°, increasing roughness factor results in a lower measured contact angle 𝜃𝜃𝑤𝑤; 

conversely, if 𝜃𝜃0 is above 90°, the measured contact angle 𝜃𝜃𝑤𝑤 increases with higher 𝑅𝑅. This 

roughness factor amplifies the effect of the chemical properties, further influencing the 

measured wettability. 

 

2.1.8.2 Impact of Filler Wettability on Interface in Composites 

 

The surface wettability of fillers plays a crucial role in determining the interface between 

the filler and polymer matrix. Suitable wettability allows the polymer to spread and adhere 

more uniformly across the filler surface, minimizing interfacial defects and improving 

dispersion, which in turn improve the interfacial adhesion within the composite materials 

[159]. This strong adhesion is vital for overall performance of the composites [123], [160]. 

Consequently, optimizing filler surface wettability is essential for achieving superior 

composite material performance, as it directly correlates with the effectiveness of the 

interaction between filler and polymer matrix. 

 

2.1.8.3 Hydrophilicity and Hydrophobicity of Fillers 
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As discussed in Section 2.1.6, the incorporation of oxides particles into epoxy resin system 

is effective to improve multiple performance including dielectric, mechanical and thermal 

properties. However, a challenge remains in that the hydrophilicity of oxides, resulting 

from the abundant surface hydroxyl groups, and the nature of small particles, might 

increase water uptake [161]. Water uptake severely impacts adhesion between fillers and 

epoxy resin matrix, leading to significant changes in material properties [162]. 

Consequently, some researchers have explored methods to modify particle surfaces from 

hydrophilic to hydrophobic. Xu et al. successfully grafted hexadecyltrimethoxysilane onto 

nano-SiO2 surfaces, increasing the water contact angle (WCA) from 25.8° to 170.9° [161]. 

Dichlorodimethylsilane and fluoro-silane have also proven effective in imparting 

hydrophobicity to SiO2, with WCAs of 155° [163] and 167° [164], respectively. 

 

As mentioned in section 2.1.8.2, the interface between the filler and polymer matrix plays 

a crucial role in the composite’s properties. Although hydrophobic particles are expected 

to reduce water uptake, the compatibility between these hydrophobic fillers and 

hydrophilic epoxy resin remains questionable [162], rendering long-term performance of 

the composites unpredictable.  

 

2.1.9 Performance Enhancement by Molecular Modification 

 

While integrating nano and micro fillers into polymer matrix offers significant benefits, it 

also presents challenges such as interfacial defects and dispersion issues, as discussed in 

section 2.1.7.4. To address these challenges, molecular modification serves as an 

alternative strategy that focuses on directly altering the molecular structure of the polymers 

themselves. This section will explore how molecular-level modification can improve 

inherent properties such as thermal stability, mechanical strength, dielectric ability and 

overall functionality, presenting a fresh perspective beyond conventional nanofiller 

strategies. 

 

2.1.9.1 Mechanical Enhancement 
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Improving the toughness of EP is another active area of research, aimed at enhancing the 

ability of these materials to deform plastically and resist crack propagation. Misaki et al. 

[165] investigated the fracture properties of p,p'-diaminodiphenyl methane-cured EP 

modified with various aromatic and aliphatic glycidyl compounds. Their findings revealed 

that while most of these compounds promoted an increase in fracture toughness, the heat 

resistance of the modified EP was compromised to some extent by the incorporation of 

glycidyl compounds. Additionally, they observed an inverse relationship between cross-

linked density of the resins and their impact strength and fracture toughness. Remarkably, 

the addition of 10 wt% of a terpolymer resulted in a substantial (140%) increase in the 

fracture toughness of the modified EP. 

 

2.1.9.2 Thermal Enhancement 

 

The effects of modifications on the thermal stability of EP have been extensively studied. 

Lin and Pearce [166], [167] investigated the thermal properties of DGEBA-DGEBF and 

DGEBA-DGEPP copolymers. Their findings revealed that the DGEBA-DGEBF 

copolymer exhibited superior heat and flame resistance compared to the DGEBA-DGEPP 

copolymer, attributable to its higher aromatic ring content. Fourier-transform infrared 

(FTIR) data suggested that the possible degradation mechanisms for these EP involve the 

Wieland rearrangement, Claisen rearrangement, and Norrish-type reactions. Chen et al. 

prepared five different EPs cured with TMB (trimethoxy boroxine) and DDS 

(diaminodiphenylsulfone) hardeners [168]. The results indicated that polymers with high 

aromaticity and/or cyclic ring structures in the chain backbone generally exhibited 

enhanced heat resistance. Furthermore, the morphology and structure of organosilicon 

polymer-modified EP were investigated by incorporating an organosilicon polymer 

(denoted as ETOP) as a modifier to blend with bisphenol A-type EP [169]. The study 

demonstrated that the cross-linked epoxy-rich matrix possessed a higher glass transition 

temperature (Tg) than pure EP at higher ETOP content. This observation was attributed to 

the participation of epoxide groups on ETOP molecules in the cross-linking reaction of the 

matrix, thereby increasing the cross-link density and enhancing the Tg. 
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2.1.9.3 Electrical Enhancement 

 

While extensive research efforts have been dedicated to modifying EP to improve their 

thermal and mechanical properties, relatively few studies are focused on enhancing their 

dielectric characteristics. With the rapid development in energy storage and conversion, 

flexible electronics, smart sensing, and 5G/6G communication, there is an urgent need for 

EP with tailorable dielectric properties [128]. Some research demonstrates that the 

introduction of polar groups in polyethylene and PVDF enhances the dielectric breakdown 

strength, which can be attributed to the formation of deep traps that capture charges [170], 

[171]. Meanwhile, the existence of bulky groups benefits the reduction of dielectric 

constants [172]. Given these findings, it is essential to investigate how molecular 

modification strategies can be applied specifically to epoxy resin to improve its multi-

functional performance. 

 

2.1.10 Other Improving Strategies 

 

In addition to incorporating micro and nano inorganic oxides into epoxy resin, and 

modifying epoxy resin at molecular level, there are some other strategies to improve the 

performance of epoxy resin. It is reported that low-density polyethylene (LDPE) with 

graphene exhibits good thermal stability and reliable dielectric performance due to the 

strong ability of graphene to capture electrons [173], [174]. The addition of rubber 

nanoparticles in epoxy resin also increases the toughness and heat resistance [175]. Based 

on the concept that oriented molecular chains could benefit thermal conductivity, solution-

shearing and liquid crystallization technologies are employed to get high thermal 

conductivity polymers [31], [176].  

 

2.2 Summary and Research Gaps 

 

This literature review underscores the critical need to deepen understanding of the 

degradation mechanisms in epoxy-based insulation materials, as well as to develop 

strategies for improving their durability. Such insights are essential for enhancing the 



Literature Review  Chapter 2 
 

34 
 

reliability of both these materials and the equipment that depends on them. A 

comprehensive exploration of degradation processes, paired with durability enhancement 

strategies, is vital for creating effective solutions to prevent potential failures. 

 

As demonstrated in this literature review, understanding how defects impact the long-term 

performance of pure epoxy resins is crucial for gaining insight into their degradation 

behavior. Randomly distributed voids within the resin can weaken structural integrity and 

lead to premature failures, highlighting the importance of statistical tools like Weibull 

distribution to quantify the influence of voids on material reliability. This understanding is 

critical for guiding improvements in design and manufacturing practices. 

 

Beyond pure epoxy resin, the addition of inorganic oxide fillers presents a promising 

approach for enhancing material performance. However, filler integration introduces its 

own challenges, as interfacial defects can significantly weaken material reliability. Filler 

surface wettability plays a crucial role. Adequate wettability fosters strong interfacial 

adhesion, which reduces void-related weaknesses and improves durability. Nevertheless, 

the hydrophilic nature of oxides may increase water uptake, which could undermine long-

term stability. This complex correlation underlines the need to understand how filler 

surface wettability influences the performance of epoxy composites over time. 

Given the challenges of interfacial defects and agglomeration in filler integration, 

molecular design offers a promising alternative for enhancing durability. Modifying the 

molecular structure of epoxy resins can improve multiple properties without the interfacial 

issues common to filler-based strategies. However, limited research has been done in epoxy 

resins, especially for electrical enhancement, highlighting the need for further study on 

how tailored structures can enhance dielectric performance. This holistic approach aims to 

boost the reliability of insulating materials, ultimately reducing the risk of failures. 
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Chapter 3  
 

Experimental Methodology 
 

This chapter explains the synthesis of epoxy resin specimens. Materials 

characterization and testing methods are also described. The rationales 

for material and methodology selection are explained. 
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3.1 Rationale for selection 

 

The rationales for selecting the pure epoxy/amine resin curing system ARALDITE® LY 

5052 / ARADUR® 5052 CH are its good workability, transparent appearance and simple 

formula. This system requires a relatively low curing temperature, while its viscosity 

remains low at the beginning of the curing process, showing good workability. After curing, 

the transparent appearance makes it easy to visually detect defects and observe the 

electrical treeing phenomenon using an optical microscope. Additionally, the simple 

formula is suitable for understanding its chemical reactions and investigating the effects of 

improvement strategies, such as molecular modification and compositing with ceramic 

particles. 

 

Accelerated aging tests under harsh environments are used to evaluate the long-term 

performance of the materials and investigate their degradation mechanisms. The 

mechanical, electrical, and thermal properties of the epoxy resins and their composites are 

measured, providing valuable insights into the durability of insulating materials. The 

morphology and chemical structure are also examined to reveal the mechanisms behind the 

observed material behavior. 

 

3.2 Materials and Processing 

 

The epoxy resin sample is prepared by the two components system: resin solution 

(ARALDITE® LY 5052) and hardener (ARADUR® 5052 CH). 

 

The uncured epoxy resin solution ARALDITE® LY 5052 used in this study consists of a 

large amount of ether. The composition is illustrated in Table 3.1. The concentration is 

provided by the supplier and is shown as a range due to the protection of confidentiality. 

The chemical structure of the chemicals is shown in Figure 3.1.  

 
Table 3.1 Ingredients of uncured epoxy resin solution ARALDITE® LY 5052 
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Ingredient name CAS 
number Molecular formulation Concentration 

Phenol, polymer with 
formaldehyde, glycidyl 

ether 

28064-14-
4 (C6H6O)x·(CH2O)x·(C3H6O2)x 60-100% 

butanedioldiglycidyl 
ether 2425-79-8 C10H18O4 30-60% 

 

 
Figure 3.1 Molecular structure of ingredients in uncured epoxy resin ARALDITE® LY 5052 

[177], [178]. 

 

The hardener used in this study is ARADUR® 5052 CH provided by Huntsman. It mainly 

contains di- and polyamines collaborated with a few phenols and acids. For each amine 

group, there are 2 reactive functional groups. Therefore, the di- and polyamines applied as 

the hardener here has an f ≥ 4, indicating their great crosslinking ability. The ingredients 

with rough concentrations provided by the product safety data sheet are listed in Table 3.2 

and their molecular structures are illustrated in Figure 3.2. 

 
Table 3.2 Ingredients in hardener ARADUR® 5052 CH 

Ingredient name CAS 
number 

Molecular 
formulation Concentration 

Cycloaliphatic polyamine 6864-37-5 C15H30N2 30-60% 

Phenol, polymer with formaldehyde, glycidyl ether 

Butanedioldiglycidyl ether 
 



Experimental Methodology  Chapter 3 
 

38 
 

Isophorone diamine 2855-13-2 C10H22N2 30-60% 

2,4,6-
tris(dimethylaminomethyl)phenol 90-72-2 C15H27N3O 1-3% 

Salicylic acid 69-72-7 C7H6O3 1-3% 

 

 
Figure 3.2 Molecular structure of ingredients in ARADUR® 5052 CH [179], [180], [181], 

[182]. 

 

The composition of the epoxy resin solution used in this study is 2 kinds of ether and the 

hardener mainly consists of various diamines as mentioned in the previous sections. The 

main curing reaction occurs between ethers and amines as illustrated in Figure 3.3. There 

are 3 steps in this crosslinking reaction as described here [27], [29], [183]: 

 

1) Epoxy group + primary amine group → secondary amine 

2) Epoxy group + secondary amine group → tertiary amine 

3) Etherification 

 

Salicylic acid 

Cycloaliphatic polyamine Isophorone diamine 

2,4,6-tris(dimethylaminomethyl)phenol 
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Figure 3.3 Main reaction between epoxy resin and hardener used in this study. 

 

Epoxy/amine resin specimens were prepared by mixing the uncured EP solution with the 

amine-containing hardener at a fixed weight ratio of 1:0.38. A Thinky Mixer ARE-310 was 

utilized for planetary mixing at 2000 rpm and centrifugal defoaming at 2200 rpm. Then the 

mixture was poured into a mold with various shapes. Various types of molds were used for 

manufacturing test specimens with different dimensions: 

 

1) Silicone mold setup for bone, rectangular and small circle specimens 

 

Silicone replica molds were used to prepare specimens in bone shape (for tensile tests), 

rectangular shape (for FTIR, DMA tests), and small circle shape (for thermal 

conductivity tests). These molds were made by hand-mixing the PDMS solution and 

hardener in a 1:1 ratio. The mixture was placed in a vacuum chamber to remove trapped 

air. Metal bars with standard specimen shapes were fixed to a petri dish, and the mixture 

was poured into the dish, followed by vacuum degassing again. Afterward, the petri 

dish with the mixture and metal bars was placed in an oven at 60°C for 2 hours. Once 

cured, the silicone mold was released and placed in the oven at 200°C for 1 hour to 

remove any moisture. After cooling to room temperature, the molds were stored in a 

dry box. The silicone mold with different shape of cavities can be seen in Figure 3.4. 
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Figure 3.4 Silicone molds with different shape of cavities. 

 

To use the molds, the mixed epoxy resin and hardener were poured directly into the 

cavities. A release cloth made of Teflon was placed over the liquid, and the entire mold 

was pressed with a heavy metal block. The resin mixture was cured at room temperature 

for 24 hours, followed by post-curing at 100°C for 4 hours. The specimens were then 

stored in a dry box at 40% relative humidity. 

 

The advantages of this mold are its low cost and the ease of removing the resin from 

the mold. However, a drawback is that it tends to expand during the heating process 

and may deform after multiple uses. Therefore, regular replacement of the molds is 

necessary to ensure consistent sample dimensions. Additionally, this mold is not 

suitable for manufacturing thin film and large disk specimens due to its tendency to 

expand during heating, so other methods are used for those specimens. 

 

2) Stainless-steel mold setup for thin film and disk specimens 

 

The stainless-steel mold was used to prepare disk and thin film specimens for electrical 

tests. The detailed setup for this preparation is explained as follows: thin stainless-steel 

boards were coated with release agent 770 NC to prevent cured samples from adhering 

to the boards. The whole setup of this mold can be seen in Figure 3.5. A Mylar film 

(A) with a thickness of 0.1 mm was placed on top of a stainless-steel board. A steel 
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ring (for disk specimens) or a gasket made of Mylar film (for thin film specimens) was 

then placed on top of Mylar film (A). Next, the uncured epoxy resin solution was 

poured into the mold, followed by the placement of another Mylar film (B) on top of 

the resin. A heavy metal block was placed on top of the setup. The curing process was 

the same as described in the silicone mold section. Due to the stable shape of the 

stainless-steel mold during heating, the specimen shapes were consistent, and their 

thicknesses were uniform. 

 

 
Figure 3.5 The mold setting for preparing disk and film specimens. 

 

3.3 Characterization 

The theory of characterization method used in this research is described in the following 

sections. 

 

3.3.1 Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray 

Spectroscopy (EDX) 

 

The resolution of microscopy is limited by the wavelength of the illumination. The electron 

has a shorter wavelength than light, indicating a higher resolution. To increase the 

magnification of the microscope, an electron beam generated by the electron gun is selected 

as the source.  

 

When the focused electron beam with high energy interacts with the specimen, various 

signals like secondary electrons (SEs), backscattered electrons (BSEs) and X-rays are 

produced as shown in Figure 3.6. With relatively low energy of incident electron beam, 
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SEs are generated from the collision between the incoming electrons and the outer shell 

electrons of specimens, which are loosely bonded. Since the energy is low, only SEs 

generated near the surface can escape and be detected as the SEs signal. Thus, the 

secondary electron microscope (SEM) is usually used to reveal the topographic information 

of materials. When the high-energy electron beam interacts with the specimen, 

characteristic X-rays are produced, forming the basis of Energy Dispersive X-ray 

Spectroscopy (EDX). As incoming electrons displace inner-shell electrons from atoms, the 

resulting energy difference is released as X-rays. These X-rays have specific energies 

unique to each element, allowing EDX to detect and identify the elemental composition of 

the specimen. This technique is often combined with SEM, enabling both surface imaging 

and compositional analysis, making it ideal for identifying the distribution of elements in 

materials. 

 

 
Figure 3.6 Signals generated by the interaction between the electron beam and specimen [184]. 

No permission is required for thesis purposes. 

 

In this study, SEM and EDX were used to observe the fracture surfaces of specimens after 

tensile failure to reveal the mechanical failure mechanisms and the element distribution. A 

JEOL JSM 7800F Prime, equipped with an Oxford Ultim Max EDS detector, was used for 

this analysis. Various accelerating voltages, ranging from 1.5 to 10 kV, were employed 
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depending on the observation purpose. Since the specimen is non-conductive, platinum 

was sputtered onto the surface in combination with conductive tape to prevent charge 

accumulation and enhance image quality. 

 

3.3.2 Optical Microscopy 

 

Optical microscopy is a technology with long history using visible light and a series of 

lenses to observe small features to get precise measurements. A camera is installed to 

capture the optical microscope images. Various illumination techniques are explored and 

applied in optical microscopy. For bright field illumination, the image contrast comes from 

the absorbance of light in the sample. While for dark field illumination, the contrast is 

generated from the light scattered by the sample. 

 

By observing the specimen at multiple focuses, a 3D structure can also be generated. And 

more features of the specimen can be concluded in one image by combining images taken 

by multi-focuses. Also, the optical microscope can scan the whole sample surface and 

merge all images to get a large image with detailed characteristics.  

 

In this study, DSX1000 digital microscope was used to observe the structure of specimen 

and electrical tree growth. Bright-field and mixed illuminations were employed to generate 

images. OLYMPUS Stream image analysis software was used to process the image. Before 

this observation, samples are slightly ground and polished to improve the quality of images. 

 

3.3.3 Fourier Transform Infrared Spectroscopy (FTIR) 

 

Fourier transform infrared spectroscopy (FTIR) is widely used for the characterization of 

organic compounds. The principle of this technology is that the molecules absorb 

frequencies that are characteristic of their chemical bonds. When the molecule absorbs 

infrared light, it changes from a ground vibrational state to an excited vibrational state. As 

a result, the dipole moment of the molecule changes with the expansion and contraction of 

the bond. The energy required for this phenomenon is characteristic to the molecules, 
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indicating the unique frequencies of light which can be absorbed. Thus, the molecular 

structure of materials can be detected qualitatively even quantitatively by comparing its 

absorption peak to the database.  

 

For liquid and powder samples, the pellet consisting of samples and KBr powder is 

prepared for testing. The infrared beam goes through the pellet and is collected by the 

detector on the other side. For solid samples, the attenuated total reflection (ATR) is 

required, which can measure the samples in a simple and non-destructive way. The path of 

the infrared beam in ATR-FTIR is shown in Figure 3.7. 

 

  
Figure 3.7  Schematic of ATR technology [185]. Open Access, no permission is required. 

 

3.3.4 Electrical Properties 

 

The electrical performance of the polymeric materials was evaluated to assess their 

insulating properties and overall reliability in electrical equipment Key factors such as 

dielectric constant, dielectric loss, volume resistivity, and dielectric breakdown strength 

were considered, as these characteristics directly impact the ability to prevent electrical 

breakdown and withstand operational stresses. In addition, electrical tree growth was 

characterized to reveal the failure mechanism.  

 

3.3.4.1 Dielectric Spectroscopy 

 

In this study, dielectric spectroscopy was conducted using a Megger IDAX 300 to examine 

the dielectric constant and dielectric loss of the specimens over a frequency range of 1 mHz 

to 1000 Hz under ambient conditions. This technique provides insights into the polarization 
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mechanisms of the material. The investigation is based on IEC 62631 test standard [186]. 

Uniform disk samples with a radius at 10 cm and thickness at 2 mm were used in this 

testing. The samples were carefully positioned between the electrodes to ensure reliable 

measurements. The guarded electrodes system was used with a guarding ring. This 

guarding system effectively mitigates stray effect, thus no further correction is required. 

The setup of specimen and electrodes is illustrated in Figure 3.8. 

 
Figure 3.8 Cylindrical electrode with guard ring for disk specimen [186]. 

 

3.3.4.2 Volume Resistivity 

 

Resistivity is one of the most important insulating properties for the power system. A 

Keithley 6517B Electrometer was employed to measure the volume resistivity. The same 

specimen and electrode system used in the dielectric spectroscopy were utilized for this 

resistivity analysis. This measurement is based on IEC 62631 test standard [186]. 

 

3.3.4.3 Electrical Tree Growth 

 

The formation and growth of electrical trees represent a primary failure mechanism in 

high-voltage insulation systems. The experimental setup and the specimen used in this 

test are illustrated in Figure 3.9. A needle was embedded in the epoxy resin and 

connected to the high voltage source. The ground electrode was placed to the opposite 
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surface of the specimen. Silve paste was applied to that surface to improve the 

conductivity. The whole assembly was immersed in silicone oil to prevent surface 

flashover. The 50 Hz AC high voltage supply (Hipotronics 700 Series) was employed. 

Step voltage starting from 9 kV and up to 23 kV was used to initiate the tree growth. 

After initiation, 15 kV was applied for tree propagation. An optical microscope equipped 

with a digital camera was used to monitor and record the tree development process.  

 

 

 
Figure 3.9 The experimental setup and specimen embedded with needle for dielectric tree 

growth testing. 

 

3.3.4.4 Dielectric Breakdown Strength 

 

The dielectric breakdown strength was measured using thin film specimens of 200 μm 

thickness, placed between cylindrical electrodes and immersed in silicone oil, as illustrated 

in Figure 3.10. The test setup utilized the same high-voltage source as the electrical tree 

growth experiments, following ASTM D149 standard procedures [187]. A preliminary test 

with a constant voltage increasing rate of 0.5 kV/s was performed to establish testing 

parameters. Based on these results, the initial voltage was set at 50% of the short-time 

breakdown voltage. The step-stress method was then implemented, applying 1 kV 

increments at 20-second intervals until breakdown occurred.  
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Figure 3.10 Experimental setup for AC dielectric breakdown test. 

 

Statistical analysis of at least 10 breakdown events was conducted using a two-parameter 

Weibull distribution, as shown in Equation 3.1. 𝐹𝐹 denotes the probability of failure at a 

given electrical stress. 𝐸𝐸 is the measured breakdown strength. 𝛼𝛼 is the scale parameter, and 

𝛽𝛽 is the shape parameter. The characteristic breakdown strength was determined at 63.2% 

failure probability. 

𝐹𝐹(𝐸𝐸;𝛼𝛼,𝛽𝛽) = 1 − ex p �−�
𝐸𝐸
𝛼𝛼�

𝛽𝛽

� (𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 3.1) 

 

3.3.5 Mechanical Properties 

 

The tensile properties was tested based on ASTM D638 test standard [188]. The dog-bone-

shaped test samples with a thickness of 2.5 mm, a width of 3.18 mm, and a gauge length 

of 7.62 mm were used.The detailed dimension of the specimen is illustrated in Figure 3.11 

and Table 3.3. The tensile test was conducted by a universal testing machine (Instron 5567) 

or a Shimadzu AGS-X mechanical tester. The strain rate, which indicates the rate of motion 

of the grips during the test, was set as 1 mm/min. Tensile strength and Young’s modulus 
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were measured by this test. The hardness was measured using a MITECH MH180 Leeb 

Hardness Tester. 

 

 

 
Figure 3.11 Drawing of tensile testing samples. 

 
Table 3.3 Dimensions of tensile testing samples 

Dimensions (see drawing) Specimen dimensions (mm) 

W—Width of the narrow section 3.18 

L—Length of the narrow section 9.53 

WO—Width overall 9.53 

LO—Length overall 63.5 

G—Gage length 7.62 

D—Distance between grips 25.4 

R—Radius of fillet 12.7 

 

3.3.1 Accelerated Degradation Tests 

 

Accelerated degradation tests were conducted under two distinct conditions to evaluate 

long-term material stability. One is the thermal aging test without humidity control based 

on the standard IEC 60505 [30] using an oven with a stable temperature of 105 ℃. The 

selection of this temperature was according to the recommendation that the test temperature 

should be below the Tg measured by DMA, which is 135 ℃ for the epoxy samples in the 
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current study. The relative humidity under 24℃ in the lab is 60%, the relative humidity in 

the 105℃ oven is calculated as 1.44%. Another one is hygrothermal aging performed in 

an environmental chamber under combined conditions of 95°C and 95% relative humidity 

for a duration of 1200 hours. 
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Chapter 4  
 

Effects of Voids and Thermal Aging on The Mechanical and 

Dielectric Property of Epoxy Resin  
 

This chapter explores combined impact of voids and thermal aging on 

epoxy properties. Specimens with varying void content are thermally 

aged at 105°C for up to 1000 hours, and tensile strength, dielectric 

behavior, and molecular composition are analyzed using tensile tests, 

SEM, ATR-FTIR, and UV-Vis spectrometry. Thermal aging induces 

chain scission, oxidation, and surface chemical inhomogeneity, while the 

core remains less affected. Voids serve as stress concentrators, initiating 

cracks and reducing tensile strength. A defect density parameter ρ, is 

integrated into Weibull analysis to quantify the synergistic effects of 

voids and aging, revealing notable strength reduction and increased 

data variability with higher ρ. These findings underscore the importance 

of addressing void and aging effects through Weibull analysis for 

reliable epoxy-based material design. 

 
________________ 
*This section is published substantially in Polymer Degradation and Stability, Sep 2023. 

https://doi.org/10.1016/j.polymdegradstab.2023.110455. No written permission is necessary for thesis 

purpose, Copyright 2023 Elsevier.  

and published substantially in 2023 International Symposium on Electrical Insulating Materials 

(ISEIM), Sep 2023. https://doi.org/10.23919/ISEIM60444.2023.10329098. No written permission is 

necessary for thesis purpose, Copyright 2023 The Institute of Electrical Engineers of Japan.   
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4.1 Introduction 

 

The employment of polymeric materials in advanced electronic devices and electrical 

power systems as insulators, capacitors, and energy storage apparatus, has gained 

increasing attention recently [31], [189], [190], [191], [192], [193], [194]. Epoxy resin, 

which presents high resistance against chemical corrosion, adequate dielectric ability, good 

workability and low cost, are one of the polymers widely used in these fields [16], [86], 

[127], [195], [196].  

 

When used in electronic devices and electrical equipment, polymeric materials are required 

to withstand high voltage and high heat flux [31], [32]. The excessive heat is easily 

accumulated and causes the increasingly severe thermal aging, limiting the service life of 

the apparatus [33], [34]. Recently, numerous researchers have reported the solutions by 

introducing fillers with high thermal conductivity and forming heat transfer networks [197], 

[198], [199], [200], [201]. However, only a few literatures have been devoted to exploring 

the thermal aging phenomenon of polymers [202], [203], even though it remains 

fundamental in epoxy materials and composites. Different stages of the aging process of 

thermosets were revealed: the mechanical property is enhanced at the beginning due to 

post-crosslinking and then decreased because of the chain scission, accompanied by 

oxidation of active groups [37], [38], [39]. Interestingly, different aging behaviors were 

observed in the sample core and skin [36], [40]. However, the increase in flexural modulus 

and the reduction in break strain indicate an enhanced cross-linkage of the bulk. This 

finding is in contradiction with the previous results, and further investigation is required 

for greater clarity. Furthermore, the brittleness and degree of scatter in the strengths 

increased over the aging time [36], [41], indicating increased mechanical scattering, 

emphasizing the need for further analysis to accurately determine the impact of such 

fluctuations on reliability. Given this background, it is crucial to evaluate the thermal aging 

behavior of epoxy resin and reveal the principles behind it. Such a study could provide 

useful information for material design as well as lifetime prediction for practical usage.  
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In addition to thermal challenges, the inherent brittleness of epoxy resin [58] and 

unavoidable voids [57] introduced during the manufacturing process further limit its 

mechanical reliability, affecting its reliability and limiting its application. Numerous 

researchers have proposed effective approaches to improve brittleness by incorporating 

micro- or nano-sized fillers [204], [205], [206], [207]. However, there is still a lack of 

discussion on the topic of void defects within the material. The randomly distributed voids 

are air bubbles that are inevitably introduced during the molding process due to the high 

viscosity of the solution [55], [57]. Some researchers have established the method to detect 

and analyze void defects [208], [209], studied the factors affecting void formation during 

the liquid molding process, and proposed some models as well as solutions [55], [210], 

[211], [212], [213]. As mechanical stresses are always concentrated near localized defects 

like voids, defects act as the initiation point of failure [58], [214], resulting in a decrease in 

the mechanical properties of the material, such as reduced strength [55], [209] with 

increased standard deviation [215]. These adverse effects will ultimately affect the 

mechanical performance and reliability of the equipment using the materials. Thus, it is 

essential to understand the impact of voids on the mechanical property of the material. 

However, little attention has been paid to the quantitative impact of voids on the reliability 

of epoxy resin, which is crucial for evaluating its quality in practical applications [215].  

 

Given this background, void defects and thermal aging emerge as key factors that increase 

variability in the mechanical properties of epoxy resin, ultimately diminishing its reliability. 

Thus, studying the combined adverse effects of void defects and thermal aging, as well as 

uncovering the underlying aging mechanisms, is essential for designing more durable and 

reliable epoxy-based materials. 

 

To evaluate these effects more precisely on mechanical reliability, it is necessary to employ 

statistical analysis on the mechanical data of a large number of specimens, which provides 

more information than simply averaging the data of a few samples. Weibull distribution, a 

well-known statistical model, as reviewed in 2.1.5.4, has the potential to describe the 

failure strength and evaluate the reliability of epoxy resin with voids and/or after thermal 

aging. Employing Weibull distribution is expected to improve the accuracy when 
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describing the mechanical reliability of epoxy resin under practical conditions and provide 

more accurate information to the industry. 

 

Herein, this study aims to investigate the combined effects of void defects and thermal 

aging on the mechanical reliability of epoxy resin. Specimens in large quantity are prepared 

and thermally aged. Tensile measurement, electrical characterization, SEM, finite element 

simulation and FTIR are employed in this research. Statistical analysis is employed to 

improve the accuracy of the mechanical property evaluation. The outcomes of this research 

are expected to yield significant insights that could aid material refinement and facilitate 

precise lifetime prediction. 

 

4.2 Experimental details 

 

4.2.1 Materials 

 

Epoxy resin solution (ARALDITE® LY 5052) and hardener (ARADUR® 5052 CH) was 

provided by Huntsman Advanced Materials Americas LLC. Details of their compositions 

are given in Chapter 3. The two-component silicone rubber (RTV-2) was obtained from 

Shenzhen Rongxingda Polymer Material Co., Ltd. 

 

4.2.2 Synthesis of epoxy resin with different void content 

 

Epoxy resin specimens with different levels of voids were prepared by mixing the epoxy 

and hardener at a fixed ratio of 1:0.38 via different mixing methods, as shown in Table 4.1. 

 
Table 4.1 Mixing procedure for epoxy resin specimens with a different void content 

Group Planetary 
mixing 

Centrifugal 
defoaming 

Vacuum 
degassing 

Manual  
mixing 

L- expected low 
void content Yes Yes Yes No 
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H- expected high 
void content Yes No No Yes 

 

The mixture was poured into a silicone mold for curing. The mold was pressed by a metal 

block to ensure an even sample surface. Teflon cloth was placed between the mold and 

metal block to enable release of cured samples after curing. The epoxy resin was cured at 

room temperature for 24 hours and then post-cured at 100℃ for 4 hours. DMA was then 

used to measure the Tg of epoxy resin, which is 135℃. Then the specimens were ground 

with sandpaper and stored in a dry box with a relative humidity of 52%.  

 

4.2.3 Characterizations 

 

4.2.3.1 Void Detection 

 

To obtain the void distribution of the sample surface, the optical images of the sample 

surface were obtained by the DSX1000 digital microscope. Specifically, 3 rectangular 

specimens of each group were randomly selected. Bright-field and mixed illumination were 

used in the measurement. The samples were slightly ground and polished to get a smooth 

surface for high-quality imaging. Then the distribution of void defects on the images was 

statistically analysed by the OLYMPUS by the Stream image analysis software. 

 

4.2.3.2 Thermal Aging 

 

The thermal aging was conducted based on the standard IEC 60505 using an oven with a 

stable temperature of 105 ℃. The relative humidity at 24℃ in the lab is ~60%, and the 

relative humidity in the 105 ℃ oven is calculated to be 1.44%.  

 

 

Tensile specimens with different void content (60 specimens for each group) for statistical 

analysis were aged for 1000h at 105 ℃ to study the combined effect of voids and thermal 

aging. Besides, another thermal aging test was conducted for specimens with low void level 



Effects of Voids and Thermal Aging on Epoxy Resin Properties Chapter 4 

56 
 

under the same environment with different aging time (0 h, 60 h, 120 h, 288 h, 480 h, 576 

h, 672 h, 792 h and 984 h) to observe the variation of strength with aging time. 

 

4.2.3.3 Mechanical Characterization 

 

The mechanical properties of epoxy resin were measured using an Instron universal 5567 

testing machine based on the ASTM D638 standard. A load cell of 30 kN and a strain rate 

of 1 mm/min were selected in this test. The testing samples are bone-shaped with a 

thickness of 2.5 mm, a width of 3.18 mm and a gauge length of 7.62 mm. 

 

4.2.3.4 Dielectric Tree Growth 

 

Electrical tree growth was characterized to reveal the dielectric breakdown mechanism. 

Silver paste was painted on the bottom surface of the specimen to improve the electrical 

contact of the sample to the ground electrode. The specimen was immersed in silicone oil 

during tests to avoid surface charge. A 50 Hz AC dielectric testing system was utilized to 

provide a voltage source. Step voltage ranging from 9 kV to 23 kV was applied to initiate 

the electrical tree. Then the specimen was stressed under 15 kV for 10 minutes to get the 

tree propagation. Leica Emspira 3 digital microscope was equipped to record the in-situ 

tree growth. Olympus DSX 1000 digital microscope was used to acquire the high-

resolution images after tree growth. 

 

4.2.3.5 Chemical Structure Analysis 

 

UV-Vis spectrum obtained by the Shimadzu UV 2700 was analysed to study the chemical 

change of epoxy resin during thermal aging process. Fourier-transform infrared (FTIR) 

spectroscopy was used to identify the change of chemical bonds of epoxy resin after the 

curing and after the thermal aging process. The FTIR MIR/NIR Frontier (Perkin Elmer) 

machine with and without the attenuated total reflectance (ATR) mode was employed. The 

light source with a wavelength range of 4000-600 cm-1 (with ATR for solid samples) and 

4000-500 cm-1 (without ATR for liquid samples) with 32 scan accumulations was selected 
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with a resolution of 4 cm-1. The spectra were analyzed by the software Spectrum 

(PerkinElmer) 

 

4.2.3.6 Fractographic analysis 

 

To understand the morphology of the fracture surface of epoxy resin after tensile failure, a 

field emission scanning electron microscope (FESEM 7600F) was used with an operating 

voltage of 5kV. Platinum was coated on the surface of the sample in combination with the 

use of conductive tapes to obtain high-quality SEM images for this insulation polymer. 

 

4.2.3.7 Weibull Statistical Analysis for The Mechanical Reliability 

 

Large data of tensile strength for Weibull analysis was obtained by mechanical 

measurement. The nomenclature and description of these specimen groups are listed in 

Table 4.2. 

 
Table 4.2 Nomenclature and descriptions of specimens for statistical analysis 

Group Specimen volume Description 

L 60 Low void content, unaged 

H 60 High void content, unaged 

L-a 60 Low void content, 105 ℃ aged for 1000h 

H-a 60 High void content, 105 ℃ aged for 1000h 

 

4.3 Results and Discussion 

 

4.3.1 Effect of Voids on Mechanical Properties 

 

4.3.1.1 Characterization of void content 

 

For groups L and H, 3 rectangular samples of each were randomly selected for void 

detection to obtain reliable results on void size and density. To remain more details, 
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hundreds of optical microscopic (OM) images with high magnification were captured 

under mixed lighting condition with the same focal length, and then merged as one image 

like a puzzle, as shown in Figure 4.1. 

 

 
Figure 4.1 The draft of image combination. Each blue box represents one single image with 

high magnification. 

 

The merged photos for group L and H are shown in Figure 4.2(a) and Figure 4.2(b). There 

were more densely distributed void defects in H samples than in L samples, illustrating the 

successful preparation of specimens with different content of void defects. To quantify the 

void distribution of the sample surface, BF imaging was used to scan the whole sample due 

to the high contrast and clear illustration of the surface defects. Images taken under high 

magnification were merged as one image for voids counting. Then the void area was 

manually classified in the software as shown in Figure 4.2(c). Due to the high resolution 

and relatively low number of voids, the overlapping of voids was not observed, ensuring 

the accuracy of the voids distribution analysis. 
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Figure 4.2 Examples of specimens. (a, b) The merged optical images of specimens of group L 

and H. (c) An example of void detecting process. 

 

To obtain an accurate statistical result of the void distribution, the voids of 3 samples were 

counted and analyzed. The results are shown in Figure 4.3. Group L presents fewer total 

void number, lower void ratio (defined as the total surface area of void over the total sample 

surface), smaller average size, and narrower size distribution than group H as shown in 

Figure 4.3(a) and Figure 4.3(b). This reveals that conventional hand mixing can easily 

introduce voids in both the number and size, consequently increasing the void ratio.  

 

The fraction of void area with different sizes on the whole porous area is shown in Figure 

4.3(c). For groups L and H, the largest area was respectively contributed by voids with a 

diameter of 50-100 μm, and above 500 μm. It is notable in group H that even though the 

number of voids decreases with the size increasing, the void with a diameter larger than 
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500 μm still provides 61% of the total void area. It can be concluded that voids with larger 

sizes have a greater impact on the overall porosity of the material [54], which is supposed 

to affect the reliability of this material during mechanical testing. The specific evaluation 

number of void level of those samples were counted together and summarized in Table 

4.3. 
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Figure 4.3 Statistical analysis of voids. (a) Void size distribution and void density. (b) Average 

void diameter and column scatter graph of void size. (c) The area proportion of void within specific 

size ranges in total void area. 

 
Table 4.3 Void size and density of different groups 

Group Voids 
level 

Number of 
Voids per unit 

area (cm-2) 

Void 
Diameter 

Range (μm) 

Average 
Diameter 

(μm) 

Fractional area 
of voids on the 

surface 

L low 9.6 19 - 271 76 5.9 x10-4 

H high 13.5 21 - 2265 220 1.2 x10-2 

 

4.3.1.2 Mechanical Properties for Specimen with Various Void Level 

 

60 specimens for each group were tested by the universal testing machine (Instron 5567) 

based on the standard ASTM D638. The average strengths of the groups with different void 

levels are listed in Table 4.4. 

 
Table 4.4 Average strength of groups L and H. 

Group Voids 
level 

Number of 
Voids per 
unit area 

(cm-2) 

Average 
Void 

Diameter 
(μm) 

Tensile 
specimen 
amount 

Average 
strength σ0 

(MPa) 

Standard 
deviation 

L low 9.6 76 
60 

71.1 2.65 

H high 13.5 220 65.3 8.16 

 

The scatter and box chart of tensile strengths of L and H groups are shown in Figure 4.4(a). 

A higher average strength is observed in L (71.1 MPa) than that of H (65.3 MPa), 

accompanied by a lower scattering in group L. Based on our test results, high void defect 

content can slightly reduce the average strength but severely increase the data scattering of 

epoxy resin. 
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Figure 4.4(b) presents the simulation results on the stress distribution and crack 

propagation of a specimen containing a void with a radius of 250 µm. The results indicate 

that a significant stress concentration is generated at the edge of the void, where the crack 

will be initiated. The first principal stress (1st PS) near the void reaches 80 MPa and causes 

crack propagation. Finally, a crack through the void crosses the specimen causing the 

failure of the specimen, which is also observed in the SEM image as illustrated in Figure 

4.4(c,d). The average critical value of the 1st PS is 40.8 MPa, which is much lower than 

the average strength, indicating that the material with void defects cannot fully exert its 

mechanical properties. The fracture surfaces of typical specimens with and without void 

were observed by SEM to illustrate the fracture mechanism affected by the void defect, as 

shown in Figure 4.4(d,e). Relative flat fracture sections are observed, indicating the 

brittleness of the epoxy specimens. Meanwhile, the river-like fracture striations can be 

observed. For the specimen with void, the fracture striations are generated from the edge 

of the void, which confirms that the crack is initiated at the edge of the void. The fracture 

section of the specimen is flatter, accompanied with a higher tensile strength (60.1 MPa) 

compared to the specimen with the void (39.9 MPa). 
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Figure 4.4 Tensile strength and failure mechanism. (a) Scatter and box chart of tensile strengths 

for L and H. (b) Damage phase-field simulation model. (c) The magnified SEM image of the void 

edge. (d, e) SEM images of the fracture surface of typical specimens with and without void defect 

 

4.3.2 Effect of Thermal Aging 

 

4.3.2.1 Change in Tensile Strength 

 

The change of the failure strength with aging time is plotted in Figure 4.5. Two periods 

can be seen during the aging process [39]: The first one is the increasing period where 

continued curing occurs. This is because that the epoxy resin is not completely cured after 

the recommended curing by the supplier. With the continued heating, continued curing at 

105 ℃ increases the degree of cross linking and the failure strength reaches 110 % (75 

MPa) of the initial failure strength (69 MPa). The aging effect may exist during this period, 

but the post-curing dominates. After this period (~300 h), the strength starts to decrease, 
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reaching 41 MPa after 984 h aging. During this period, the effect of thermal aging 

determines the strength of the material. 

 

With the aging time increasing, the strength of epoxy resin increased at the beginning from 

69 MPa to 75 MPa and then decreased to 41 MPa at the end of the tests. A similar peak of 

failure strength of polyurethane in the aging process is obtained by Tcharkhtchi et al. [39] 

Two periods can be concluded during the aging process: 

 

• The increasing period: from 0h to 288h.  

The epoxy resin was not completely cured after the recommended curing by the 

supplier. With the continued heating in the degradation study, its failure strength 

reached 110% of the initial failure strength due to post-crosslinking under 105 ℃. 

The aging effect may exist, the post-curing contributed more during this period. 

 

• The decreasing period: from 288h to the end of the test. 

During this period, the strength of epoxy resin decreased from the highest point to 

61% of the unaged failure strength finally. The crosslinking of epoxy resin was 

almost completed before this stage and the effect of thermal aging played a more 

essential role. 

 

With the fitted curves from data points with decreasing strength as shown in Figure 4.5, 

the failure strength of epoxy resin is predicted to reach 50% when the aging time reaches 

1640 h, which can be regarded as the end of the service lifetime of electrical insulators 

according to IEC 60216-2 standard. 
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Figure 4.5 Variation of failure strength with different aging time. 

 

4.3.2.2 Change in Dielectric Performance 

 

The electrical tree was firstly initiated by step increasing voltage and then propagated for 

another 10 minutes under 15 kV. Examples of electrical trees in unaged and 1000 h-105 ℃-

aged epoxy resin after the 10 minutes of propagation are shown in Figure 4.6. A branch-

like tree forms in the unaged specimen, while a short bush-like tree forms in the aged 

sample. More specific parameters characterizing the tree growth are summarized in Table 

4.5. The tree length is defined as the maximum length between the tree tip and the needle 

tip that is parallel to the electrical field, and the expansion coefficient is the ratio between 

the longest lengths that are parallel and perpendicular to the electrical field. After thermal 

aging, the electrical tree initiation voltage becomes higher, and the electrical tree 

propagated under the same condition becomes shorter but denser, indicating a slower 

growth rate calculated by the tree length. 
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Figure 4.6 Electrical tree propagated for 10 min under 15 kV. (a) Unaged epoxy resin. (b) Aged 

(1000 h, 105 ℃) epoxy resin. 

 
Table 4.5 Electrical Tree Initiation and Propagation for Unaged and Aged Epoxy Resin 

Aging 
condition 

Tree initiation 
voltage (kV) 

Propagated tree 
length (µm) 

Expansion 
factor 

Growth rate 
(µm/min) 

Unaged 14 702 0.64 64.2 
Aged 20 242 1.52 8.17 

 

4.3.2.3 Chemical Change 

 

1) Reaction of Epoxy Resin During Curing 

 

FTIR was employed to investigate the chemical change of epoxy resin before and after 

curing. The characteristic peaks, which are similar to the results revealed by other 

researchers [29], [216], are combined and listed in Table 4.6. FTIR spectra of epoxy resin 

solution, hardener and cured epoxy resin are shown in Figure 4.7.  

 
Table 4.6 Characteristic bands for epoxy resin solution, hardener and cured epoxy resin. 

Band (cm-1) Assignment 

≈ 3500 O-H stretching 

3060 Stretching of C-H of the oxirane ring 

2965- 2873 Stretching C-H of CH2 and CH aromatic and aliphatic 
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1713 C=O 

1648 C=C 

1608 N-H 

1509 Stretching C-C of aromatic 

1448 Deformation C-H of CH2 and CH3 

1368 Deformation CH3 of C-(CH3)2 

1107 aliphatic C-O-C of ethers 

1036 aromatic C-O-C of ethers 

915 Stretching C-O of oxirane group 

831 Stretching C-O-C of oxirane group 

772 Rocking CH2 

 

 
Figure 4.7 FTIR spectra for uncured/cured epoxy resin and hardener. 

 

The curing reaction has 3 steps as shown in Figure 4.8. For the first 2 steps, epoxy 

concentration is supposed to decrease due to the mechanism of the reaction, and this is 

observed in the spectra as the decrease of C-O in oxirane at 915 cm-1, N-H bond at 1608 
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cm-1 and C-H in oxirane at 3060 cm-1. The increase of C-O-C band of ethers at 1036 

indicates the crosslinking via etherification, which is step (c). The decrease of CH3 band of 

C-(CH3)2, which is usually the end of the molecular chain, also indicates the increment of 

crosslinking. 

 

 
Figure 4.8 Chemical reactions during curing of epoxy resin. 

 

2) Color Change in Aging Process and UV-Vis Results 

 

As discussed before, the mechanical property of epoxy/amine resin is severely weakened 

by long-term thermal aging, while the impact on electrical properties is relatively small. 

To further clarify the mechanism, the chemical change of epoxy resin with various thermal 

aging durations is characterized. As aging time increases, the colour of epoxy resin 

becomes deeper from light beige to dark brown, as shown in Figure 4.9. This color change 

indicates the chemical change. UV-Vis is used to evaluate the chemical reason for this 

color change, as shown in Figure 4.10. With thermal aging, the absorbance from 350 to 

600 nm increases, identifying the formation of quinone methide [217], which leads to the 

discoloration of epoxy/amine resin. 
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Figure 4.9 The color change of epoxy resin under 105℃ with different aging time. 

 

 
Figure 4.10 UV-Vis curves for epoxy resin under various aging time durations. 

0 h 60 h 

984 h 792 h 672 h 

576 h 480 h 288 h 

120 h 
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3) FTIR Change in Aging Process 

 

ATR-FTIR spectroscopy was utilized to further investigate the chemical change of epoxy 

resin during thermal aging. As shown in Figure 4.11(a), the intensities of C=O at 1713 cm-

1, C=C at 1648 cm-1 increase with the aging time, indicating the oxidation and chain 

scission in resin network[29]. However, the peak intensities of aliphatic and aromatic ether 

bonds (1107 cm-1 and 1032 cm-1, respectively) rise and subsequently fall, as illustrated in 

Figure 4.11(b). This peak indicates the formation of ether due to post-curing and the 

following degradation of the same bond, revealing the initial increase and subsequent 

decrease of the crosslinking degree, which can explain the peak that occurred in the tensile 

strength. 

 

 
Figure 4.11 FTIR spectra of epoxy/amine resin thermally aged for various durations, showing 

chemical bond variations over time. (a) Spectra with wavenumber from 1800 cm-1 to 1625 cm-1. 

(b) Spectra with wavenumber from 1125 cm-1 to 1000 cm-1. 

 

However, the impact of thermal aging on the electrical tree growth is not the same as that 

on tensile strength. The tensile strength is highly dependent on the weakest point, especially 

the ones on the surface, while the electrical tree growth is mainly decided by the core 

material near the needle tip, which is deeply embedded in the bulk material. Thus, the 
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different trends exhibited in mechanical strength and electrical performance possibly 

indicate a heterogeneous degradation in the epoxy/amine resin. 

 

To confirm this hypothesis, the surface layer of the 105℃-984h-aged epoxy resin was 

successively removed for up to to 0.3 mm in depth, to investigate the chemical structure at 

these locations, as shown in Figure 4.12. 

 

 
Figure 4.12 Schematic drawing of surface removal to reach various depths in the specimen. 

 

The corresponding ATR-FTIR results for these layers are illustrated in Figure 4.13. As 

more surface removed, the peak intensities for C=O and C=C consistently drop-down 

(Figure 4.13(a)), revealing a gradual degradation in polymer chains. Notably, in the 0.3 

mm depth, the peak intensity of the components is similar to that of the unaged 

epoxy/amine resin, indicating nearly no degradation in epoxy resin at this depth. The 

crosslinking degree of epoxy resin can be correlated to the peak intensity of ether at 1107 

cm-1 and 1103 cm-1, as exhibited in Figure 4.13(b). The ascending intensity of the ether 

bond is observed with thicker surface being removed, and all are higher than the unaged 

epoxy resin. Thus, the crosslinking degree of the aged epoxy resin is higher than the unaged 

epoxy resin due to post-curing in the thermal aging process, which can explain the higher 

tree initiation voltage in the aged specimen. 
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Figure 4.13 FTIR spectra of epoxy/amine resin thermally aged for 960 hours after sequential 

surface layer removal, showing depth-dependent chemical changes. (a) Spectra with wavenumber 

from 1800 cm-1 to 1625 cm-1. (b) Spectra with wavenumber from 1125 cm-1 to 1000 cm-1. 

 

The inhomogeneity in the thermal degradation of epoxy resin is found in this work. The 

thermal aging process is a combined effect of both post-curing and degradation and is 

closely related to oxygen and heat diffusion. Even thermal aged for almost 1000 hours, the 

interior part (more than 0.3 mm to the surface) of epoxy resin still shows no chain scission 

and even obtains more ether bond 

 

4.3.3 Combined Effects of Void Defects and Thermal Aging 

 

4.3.3.1 Results of tensile strength 

 

The tensile strengths of 60 specimens for each group L, H, L-a, and H-a were tested to 

understand the combined effects of void defects and thermal aging. The preparation 

method, aging condition and nomenclature can be found in Table 4.1 and Table 4.2. The 

tensile strengths of the epoxy resin, with different void levels before and after aging, are 

presented in Figure 4.14. More void defects result in lower tensile strength and higher 



Effects of Voids and Thermal Aging on Epoxy Resin Properties Chapter 4 

73 
 

fluctuation in data, regardless of whether they are measured before or after aging. 

Meanwhile, thermal aging also causes a severe reduction in tensile strength and an increase 

in data scatter, as can be seen by comparing L with L-a and H with H-a. Both void defect 

and thermal aging have significantly affected the mechanical properties of epoxy resin. 

Furthermore, the combined effect of void and thermal aging is revealed by comparing the 

results of L and H-a. The average strength of group H-a is merely 45% of that of group L. 

Additionally, the standard deviation of group H-a is 237% greater than that of group L. 

This indicates a sharp decrease in the mechanical properties of epoxy resin when void 

defects and thermal aging simultaneously exist.  

 

 
Figure 4.14 Scatter and box chart of tensile strength of L, H, L-a and H-a. 

 

4.3.3.2 Weibull statistical analysis 

 

Weibull statistical analysis is employed in this study to evaluate the mechanical reliability 

of epoxy resin affected by the two factors.  
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The theory behind the Weibull distribution is that the failure of a chain is caused by the 

failure of the critical link of the chain (the weakest link). The 2-parameter function of the 

Weibull distribution is shown in Equation 4.1 [70].  

 

𝑃𝑃 = 1 − exp �− �
𝜎𝜎
𝜎𝜎0
�
𝑚𝑚
� (𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 4.1) 

 

where 𝑃𝑃 indicates the cumulative fracture probability of the samples under a stress 𝜎𝜎. 𝜎𝜎0 is 

the scale parameter, and 𝑚𝑚 is the Weibull modulus, which illustrates the scatter extent of 

the strength. 

 

To describe the impact of the void defect and thermal aging, the parameter 𝜌𝜌 representing 

volume defect density with the unit of cm-3 is introduced. The whole material is with a 

volume of 𝑉𝑉. Thus, the equation can be written as: 

 

𝑃𝑃 = 1 − exp �−� �
𝜎𝜎
𝜎𝜎0
�
𝑚𝑚
𝜌𝜌𝑑𝑑𝑉𝑉

 

𝑉𝑉
� (𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 4.2) 

 

Assume that the defect density is the same in the bulk material tested, the equation becomes: 

 

𝑃𝑃 = 1 − exp �− �
𝜎𝜎
𝜎𝜎0
�
𝑚𝑚
𝜌𝜌𝜌𝜌� (𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 4.3) 

 

By rearranging this equation, it can be written as:  

 

ln �ln �
1

1 − 𝑃𝑃�
� = 𝑚𝑚 ln𝜎𝜎 + ln𝜌𝜌𝜌𝜌 −𝑚𝑚 ln𝜎𝜎0 (𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 4.4) 

 

The above equation presents a linear relationship between ln{ln[1/(1 − 𝑃𝑃)]} and ln𝜎𝜎. 

In this study, 𝜎𝜎0 is taken by the average strength and the cumulated probability of 

failure for 𝑖𝑖th failed specimen is: 
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𝑃𝑃 =
𝑖𝑖 − 0.5
𝑁𝑁

 (𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 4.5) 

 

where 𝑁𝑁 is the total number of test specimens and 𝑖𝑖 the sample sequence number when all 

the test specimens are ranked from the lowest test strength to the highest. Thus, 𝑚𝑚 and 𝜌𝜌 

can be obtained by plotting ln{ln[1/(1 − 𝑃𝑃)]}  and ln𝜎𝜎. The double logarithm curves of L, 

H, L-a and H-a are plotted in Figure 4.15(a). As shown in this figure, the regression line 

moves to the left (smaller 𝜎𝜎0) and becomes flatter (smaller 𝑚𝑚) with the increment of voids 

and the thermal aging. The lower value of 𝑚𝑚 means a higher degree of scattering of the 

strength. Thus, voids and thermal aging not only cause the loss in strength, but also increase 

the fluctuation in mechanical properties. The 𝑚𝑚 observed in the high void content samples 

(H) is only 26% of that in the low void content samples (L). According to the void 

distribution analysis discussed in the previous section, group H exhibited a higher void 

ratio, a greater number of voids, and larger average void size compared to group L. These 

factors resulted in the significant decrease in the parameter 𝑚𝑚, indicating an increase in 

data scattering. Meanwhile, thermal aging causes an 81% decrease in 𝑚𝑚 by comparing the 

results of L and L-a, which reveals that thermal aging will also increase the data scattering. 

Furthermore, the synergetic effect of voids and thermal aging leads to a significant 

reduction in 𝑚𝑚, which is merely 11% of the original specimens (L). 

 

The defect density of 𝜌𝜌 obtained from the double logarithm curves is illustrated in Figure 

4.15(b). The 𝜌𝜌 increases with the void content (including void number and size) and the 

1000 h thermal aging. With the increment of 𝜌𝜌, 𝑚𝑚 and 𝜎𝜎0 becomes lower, as shown in 

Figure 4.15(c). This indicates that the high defect density due to voids and thermal aging 

leads to the loss of strength and increment of data scattering, resulting in poor reliability. 

 

Weibull modulus m, average strength σ0, defect density parameter 𝜌𝜌 and R2 value for the 

fitted double logarithm curve are summarized in Table 4.7. The high R2 value indicating 

the experimental results are in good agreement with the fitted curve.  
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Figure 4.15 Weibull statistical analysis. (a) Weibull plot with shape parameter 𝑚𝑚  and scale 

parameter 𝜎𝜎0. (b) Defect density parameter 𝜌𝜌. (c) Relationship between defect density parameter 𝜌𝜌 

and shape parameter 𝑚𝑚, scale parameter 𝜎𝜎0. 

 
Table 4.7 Weibull modulus of groups with different void levels before and after aging. 

Group Voids 
level 

Aging 
condition 

Weibull 
modulus 

m 

Average 
strength 
σ0 (MPa) 

Defect density 
parameter 𝝆𝝆 

Correlation 
coefficient (R2) 

of fitted 
double 

logarithm 
curve 
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L 
low 

No aging 32.4 71.1 10.1 0.90 

L-aged 1000 h, 
105 ℃ 6.2 33.8 11.1 0.93 

H 
high 

No aging 8.3 65.3 10.7 0.90 

H-aged 1000 h, 
105 ℃ 3.6 31.9 11.6 0.97 

 

The theoretical probabilities of fracture as a function of tensile strength for groups L, H, 

L-a and H-a are plotted and compared with the experimental data, as shown in Figure 

4.16(a). The distribution moves to the left and becomes wider with the increased void 

content and after thermal aging, indicating the adverse influence on the mechanical 

reliability of epoxy resin due to the existence of voids and thermal aging. 

 

To directly illustrate the influence of aging and voids on the mechanical property of epoxy 

resin, the predicted stresses for low failure probabilities (10%, 1%, 0.01% and 0.0005%) 

of different groups are indicated in Figure 4.16(b) and summarized in Table 4.8. Under 

high-reliability requirements, the theoretical tensile strengths of H, L-a and H-a are reduced 

compared to L. When 0.0005% failure probability is required, the predicted stress for 

unaged epoxy resin with low void (L) remains 49.6 MPa. Meanwhile, the predicted stress 

for the one with high void content (H) is 16.0 MPa, the one after thermal aging (L-a) is 

5.06 MPa and the one withstood both two effects (H-a) is merely 1.18 MPa, which is 32%, 

10% and 2% of the original strength (L), respectively. However, the average strengths 

remain relatively high, which are 71.1 MPa, 65.3 MPa, 33.8 MPa and 33.1 MPa for L, H, 

L-a and H-a, respectively. The results from the Weibull analysis significantly indicate the 

adverse impact of voids and thermal aging on the mechanical property of epoxy resin, while 

the influence concluded from simply averaging method is not that severe. Thus, it is 

important to employ Weibull statistical analysis in the evaluation of the mechanical 

property of epoxy resin to accurately describe the combined effect of voids and thermal 

aging when high reliability is required. 

 

It is also notable that the groups processed by the void removal method always show more 

reliable mechanical properties before and after thermal aging, compared to the groups with 
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higher void content. For industrial applications, voids should be considered in the lifetime 

prediction and be effectively removed to obtain a more reliable performance.  
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Figure 4.16 Failure probabilities versus tensile strength. (a) Experimental and theoretical failure 

probabilities for groups L, H, L-a, and H-a, showing good correlation. (b) Theoretical failure 

probabilities of the four groups in the high-reliability region, emphasizing differences under high 

reliability requirements. 
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Table 4.8 Predicted stress at various failure probabilities. 

Group 

Defect 
density 

parameter 𝝆𝝆 
(cm-3) 

Stress for  
10% failure 
σ10% (MPa) 

Stress for  
1% failure 
σ1% (MPa) 

Stress for 
0.01% 
failure 

σ0.01% (MPa) 

Stress for 
0.0005% 
failure 
σ0.0005% 
(MPa) 

L 10.1 67.4 62.7 54.4 49.6 

H 10.7 52.9 39.9 22.9 16.0 

L-a 11.1 25.3 17.3 8.21 5.06 

H-a 11.6 19.0 9.87 2.72 1.18 

 

4.4 Summary 

 

This chapter presents a detailed study on the effects of void and thermal aging on the 

mechanical and electrical properties of epoxy resin, combining experimental techniques 

and statistical analysis to interpret the findings. Data from digital microscopy, FTIR, tensile 

measurements, and SEM, along with Weibull statistical modeling, provide insight into the 

degradation mechanisms and the role of defects in impacting epoxy resin performance. 

 

Thermal aging introduces specific changes in both mechanical and electrical properties, 

with degradation occurring unevenly throughout the material. Initially, thermal aging 

increases strength due to post-curing crosslinking, but prolonged aging leads to degradation 

through chain scission, oxidation. Oxygen diffusion controls this aging process, with 

degradation more severe near the surface. After removing a 0.3 mm-thick surface layer, no 

degradation was detected in the core even after 1000 hours aging, indicating that 

degradation proceeds inward from the surface. Further evidence of this inhomogeneity was 

found in the higher ether bond intensity in the core of aged specimens, suggesting increased 

crosslinking in the inner layers due to continuously curing. This contributed to higher 

electrical tree initiation voltage. 

 

The statistical analysis reveals the critical impact of void content and thermal aging on the 

mechanical reliability of epoxy resin. Voids act as crack initiation sites, reducing tensile 
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strength and leading to greater variability in performance. As void content increases, the 

Weibull modulus 𝑚𝑚  decreases significantly (from 32.4 to 8.32), indicating reduced 

stability in tensile strength. This instability becomes more pronounced when both voids 

and thermal aging are present, with the Weibull modulus 𝑚𝑚  dropping further to 3.58, 

demonstrating a compounded adverse effect. A defect density parameter 𝜌𝜌 was introduced 

to quantitively describe the combined effects of voids and thermal aging, where specimens 

with higher void content and exposure to thermal aging display lower Weibull modulus 

mmm and characteristic strength 𝜎𝜎0  reflecting diminished mechanical reliability. 

Furthermore, with failure probability at 0.0005%, the stresses for specimens with low void 

content (L), high void content (H), low voids after aging (L-a), and high voids after aging 

(H-a) varied considerably, as 49.6 MPa, 16 MPa, 5.06 MPa, and 1.18 MPa, respectively. 

These findings underscore the necessity of Weibull analysis in accurately assessing the 

mechanical reliability of epoxy resins, particularly when both voids and thermal aging 

contribute to increased variability. 

 

Overall, this research provides valuable insight into the combined impact of void defects 

and thermal aging on structural integrity and reliability of epoxy resin, deepening the 

degradation mechanism understanding, emphasizing the need for effective defect 

management and employment of statistical analysis in high reliability required material 

design and application. 
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Chapter 5  
 

Effect of Filler Surface Wettability on Long-Term 

Mechanical and Dielectric Properties of Epoxy Resin 

Composites 
 

Incorporating inorganic oxides into epoxy resin enhances dielectric 

and mechanical properties, with the filler-matrix interface playing a 

critical role. However, the impact of interface on long-term 

performance under harsh conditions remains a key concern. This study 

explores the effects of filler surface wettability on the durability of EP- 

SiO2 composites. Micro-sized SiO2 with hydrophilic (HP) and 

hydrophobic (HB) surfaces are prepared via surface treatment, 

incorporated into epoxy resin, and subjected to hygrothermal aging at 

95°C and 95% humidity for up to 1200 hours. Comprehensive 

characterizations of wettability, microstructure, mechanical, and 

dielectric properties reveal that HP- SiO2-EP exhibits superior 

dispersion, interfacial adhesion, and durability against hygrothermal 

aging compared to HB- SiO2-EP. This study highlights the role of filler 

surface wettability in enhancing long-term composite performance, 

informing the design of durable materials for advanced dielectric 

applications. 

________________ 
* This section is published substantially in Journal of Colloid and Interface Science, Mar 2025. 

http://dx.doi.org/10.1016/j.jcis.2024.11.186. No written permission is necessary for thesis purpose, 

Copyright 2025 Elsevier.   

http://dx.doi.org/10.1016/j.jcis.2024.11.186
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5.1 Introduction 

 

The electrical and electronic industries have experienced rapid advancements in recent 

years, driving demand for dielectric materials with superior performance characteristics, 

including tailored dielectric constants, low dielectric loss, high breakdown strength, high 

thermal conductivity, and reliable long-term performance [218], [127], [219]. Epoxy resin 

(EP) filled with micro inorganic oxides exhibits enhanced dielectric and thermal properties, 

strong mechanical support, and ease of handling, making it ideal for various applications 

in electrical and electronic industries, such as insulation in high-voltage power systems, 

substrates for printed circuit boards, and compounds for transformers and motors [16], [31], 

[86], [127], [195], [196]. Nevertheless, the long-term degradation of epoxy composites 

presents a critical challenge to the reliability of electrical equipment. 

 

The interface between the filler and polymer matrix plays a crucial role in the composite’s 

properties. Poor interaction can lead to electric distortion and potentially degrade critical 

properties such as dielectric breakdown strength, dielectric constant/loss [128], [145], 

[146], toughness and mechanical strength [147]. Some research has been devoted to 

enhancing the interface by modifying the surface condition of fillers. Grafting organic 

molecules onto fillers has recently gained significant attention, showing improvements in 

dielectric breakdown, energy storage performance, thermal and mechanical properties of 

composites due to uniform dispersion and enhanced interface [220], [221]. Zeng et al. used 

polydopamine and graphene oxide to modify carbon fibers, which increased interfacial 

shear strength by 69% and tensile strength by 82%, enhancing composite mechanical 

performance [222]. Sun et al. summarized the use of silane coupling agents to modify 

multiple filler surfaces, improving interfacial bonding in epoxy composites and enhancing 

compatibility with the matrix, resulting in better mechanical and thermal properties [223]. 

Furthermore, silane functionalization of inorganic fillers was shown to effectively tailor 

the permittivity of the composites [224]. In addition to grafting organic molecules on to 

filler surface, a method involving liquid-phase sintering was used to increase the 

hydrophobicity of the MgO surface, leading to a significant increase in the thermal 

conductivity of the epoxy composite, from 4.5 W/mK to 7.5 W/mK [225]. In general, the 
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multifunctional properties of composites are enhanced through the surface modification of 

fillers, which also alters the wettability of the filler surface. 

 

However, the long-term performance of these composites with modified fillers has not been 

adequately addressed. During the operation of electrical and electronic devices, excessive 

thermal energy generated by high voltage and heat flux in electrical systems, combined 

with the low thermal conductivity of EP [31], [32], [129], can accelerate thermal aging [33]. 

During this process, polymer properties change due to chain scission, rearrangement, and 

oxidation [37], [38], [39], which will significantly affect the reliability of dielectric 

materials and potentially compromise equipment performance. Additionally, the 

incorporation of oxide fillers, which have abundant surface hydroxyl groups and large 

surface area, might increase water uptake [161], threatening the long-term performance 

under humid conditions. The long-term performance of composites with different filler 

wettability, particularly under hygrothermal environments, remains a significant concern 

for practical applications, yet there is limited discussion in the literature on this issue. 

 

Given these complexities, a critical research gap exists regarding the impact of filler 

surface wettability on the long-term performance of epoxy composites under intense heat 

and humid conditions. A systematic evaluation of how filler surface wettability influences 

interfacial conditions and subsequently impacts long-term properties is urgently needed. 

Understanding the hygrothermal aging behavior of these composites with different filler 

wettability will provide essential insights for enhancing product reliability and enabling 

more accurate lifetime predictions. 

 

To address this gap, this research prepares micro-SiO2 with different surface wettability 

characteristics and incorporates these particles into EP. The resulting EP-SiO2 composites 

then undergo hygrothermal aging for up to 1200 hours, with systematic evaluation of their 

long-term dielectric and mechanical properties. Scanning electron microscopy (SEM) and 

energy-dispersive X-ray spectroscopy (EDX) are employed to reveal filler dispersion and 

interfacial characteristics. Finite element simulations on stress distribution and dielectric 

breakdown are conducted to illustrate the failure mechanism. This comprehensive 
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investigation aims to elucidate the relationship between filler surface wettability, filler-

matrix interfacial properties, and the long-term performance of composites. Interestingly, 

hydrophobic fillers outperformed hydrophilic fillers in some properties initially, but with 

aging, the trend was reversed, highlighting notable degradation behavior deserving 

investigation. The findings offer valuable insights for material design and selection in 

practical applications, enabling more accurate lifetime predictions and enhancing the 

design for reliable electrical and electronic devices. 

 

5.2 Experimental Details 

 

5.2.1 Materials 

 

Epoxy resin solution ARALDITE® LY 5052 and amine hardener ARADUR® 5052 CH 

were provided by Huntsman Advanced Materials Americas LLC. SiO2 micro-particles 

with a diameter of 0.5-10 μm and 1H,1H,2H,2H-perfluorodecyltriethoxysilane (FAS) were 

purchased from Sigma-Aldrich Pte Ltd. Deionized (DI) water was used in the hydrolysis 

of FAS and the hygrothermal aging process. Methanol was provided by Aik Moh 

Chemicals Pte Ltd. Silicone oil (XIAMETERTM PMX-561 Transformer Liquid) used in 

the dielectric tests was supplied by Dow Inc. 

 

5.2.2 Sample Preparation 

 

5.2.2.1 Surface Modification of SiO2 Particles 

 

1) Preparation of Hydrophobic SiO2 (HB-SiO2) 

 

0.5 mL of FAS was dissolved in methanol with constant magnetic stirring. Then 1.5 mL of 

DI water was slowly added to the solution to hydrolyze FAS molecules. Next, 1.5 g of SiO2 

was dispersed into the solution under magnetic stirring for 2 hours. The mixture was then 

ultrasonicated for 30 minutes, followed by another 30 minutes of magnetic stirring. 

Subsequently, the mixture was centrifuged for 10 minutes at 10,000 rpm, and the 
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precipitate was collected and dried at 110 °C. The obtained HB-SiO2 was stored in a dry 

cabinet.  

 

2) Preparation of Hydrophilic SiO2 (HP-SiO2) 

 

The SiO2 micro-particles were hydrophilic as received. To clean the particle surface, the 

same process as in the HB-SiO2 preparation was conducted, but without the addition of 

FAS and DI water. The SiO2 particles were washed with methanol, using magnetic stirring 

and ultrasonication. The solid was then separated by centrifugation and dried in an oven to 

remove the methanol. The obtained HP-SiO2 particles were stored in a dry cabinet. 

 

5.2.2.2 Preparation of EP-SiO2 Composites 

 

The epoxy resin consisted of two components: uncured epoxy resin solution and amine 

hardener. 5 wt% of treated SiO2 particles were mixed with the uncured epoxy resin solution 

for 30 minutes under sonication followed by 10 minutes of planetary mixing at 2000 rpm 

(Thinky mixer ARE-310). The amine hardener was then added to the mixture at a ratio of 

1:0.38 (uncured epoxy resin: hardener). The mixture was planetary mixed for 5 minutes at 

2000 rpm and centrifugally defoamed for 5 minutes at 2200 rpm. The mixture was then 

gently poured into silicone or steel molds for curing. The liquid was cured at room 

temperature for 24 hours, followed by a 4-hour high-temperature curing at 100°C. The 

specimens were then collected and stored in a dry cabinet at 40% relative humidity. 

 

5.2.3 Surface Wettability Measurements 

 

5.2.3.1 Water Contact Angle (WCA) 

 

The wetting state of the SiO2 particles was characterized by WCA tests using an OCA 25 

(DataPhysics Instruments GmbH). The particles were pressed into a flat pellet. A 10 μL 

droplet of DI water was placed on the pellet, and the contact angle between the droplet and 

pellet surface was recorded and measured. For the untreated hydrophilic SiO2, water was 
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rapidly adsorbed into the porous pellet, making it difficult to measure the static WCA. Thus, 

the droplet absorption process was recorded, and the dynamic change in WCA over time 

was analyzed. 

 

5.2.3.2 Sliding Angle 

 

To further validate the hydrophobicity of the HB-SiO2 particles, the sliding angle was 

measured using the same equipment as in the WCA tests. The sample stage was gradually 

tilted, and a 15 μL droplet of deionized water was placed on the particle pellets. The 

minimum angle at which the droplet began to slide off the surface was recorded as the 

sliding angle, providing additional insight into the water-repellent properties of the 

modified silica particles. 

 

5.2.4 Microstructural Analysis 

 

Morphological analysis and elemental mapping of the fracture surfaces of EP composites 

were conducted using field emission scanning electron microscopy (SEM) and energy-

dispersive X-ray spectroscopy (EDX). A JEOL JSM 7800F Prime microscope, equipped 

with an Oxford Ultim Max EDS detector, was employed for this purpose. To enhance the 

image quality of the non-conductive polymer samples, their surfaces were coated with 

platinum and secured with conductive tapes. 

 

5.2.5 Thermal Property Evaluation 

 

Differential Scanning Calorimetry (DSC) tests were conducted using a DSC Q10 from TA 

Instruments. For testing the curing dynamics, the uncured epoxy resin, hardener, and 5 wt.% 

of HP- or HB-SiO2 were mixed, and the tests were started within 5 minutes after mixing. 

The heating rate used was 10°C/min, from 0°C to 250°C, and the heat released during 

curing was recorded. Two tests are done for same type of specimens, and the curing heat 

of specimen 1 (𝐻𝐻1) and 2 (𝐻𝐻2) was confirmed to satisfy the following inequality provided 

by BS ISO 14322 standard: 



Effects of Filler Wettability on Lont-Term Properties of Epoxy Composites Chapter 5 

89 
 

|𝐻𝐻1 − 𝐻𝐻2|
(𝐻𝐻1 + 𝐻𝐻2)/2

× 100 ≤ 10% (𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 5.1) 

The cured specimens, prepared under the conditions described in material preparation 

section 5.2.2.2 (cured for 24 hours at room temperature followed by 4 hours at 100°C), 

were measured by DSC to investigate the curing degree and glass transition temperature 

(Tg). The specimens were heated from 0°C to 250°C at 10°C/min, then cooled at 20°C/min, 

followed by a second heating cycle to 250°C. The first heating cycle was used to determine 

if the curing was complete under the given conditions and to remove the thermal history, 

while the second heating cycle was used to observe the Tg. 

 

5.2.6 Hygrothermal Degradation Tests 

 

The HP-SiO2-EP and HB-SiO2-EP composites were hydrothermally aged under harsh 

conditions using an environmental chamber. The aging temperature was 95°C, and the 

relative humidity was 95%, with aging durations ranging from 0 to 1200 hours. After the 

required degradation time, the specimens were placed in a dry cabinet at 40% relative 

humidity for at least 24 hours before testing. 

 

5.2.7 Material Characterization 

 

5.2.7.1 Mechanical Properties 

 

Tensile properties were measured using a Shimadzu AGS-X mechanical tester following 

the ASTM D638 standard. The setup included a 20 kN load cell with a loading rate of 1 

mm/min. Test specimens were dog-bone shaped with dimensions of 2.5 mm in thickness, 

3.18 mm in width, and 7.62 mm in gauge length. Tensile strength and Young's modulus 

were obtained from the tensile tests. Five specimens were tested for each time point. 

 

5.2.7.2 Dielectric Breakdown Strength 
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An AC high voltage tester (Hipotronics 700 Series) was employed to determine the 

dielectric breakdown strength. Thin film specimens with a thickness of 200 μm were used 

to minimize the impact of defects. During the breakdown strength tests, specimens were 

immersed in silicone oil to avoid surface flashover. A step voltage was applied to the films 

using copper electrodes, with the initial voltage determined by a short-time test with a 

constant increasing speed. Detailed procedures can be found in ASTM D90. The collected 

data were analyzed using a two-parameter Weibull distribution, as shown in Equation 5.1, 

where 𝐹𝐹 denotes the probability of failure at a given electrical stress. 𝐸𝐸 is the measured 

breakdown strength. 𝛼𝛼 is the scale parameter, and 𝛽𝛽 is the shape parameter. 

 

𝐹𝐹(𝐸𝐸;𝛼𝛼,𝛽𝛽) = 1 − ex p �− �
𝐸𝐸
𝛼𝛼�

𝛽𝛽

� (Equation 5.2) 

 

5.2.7.3 Dielectric Spectroscopy and Volume Resistivity 

 

Dielectric spectra for the HP-SiO2-EP and HB-SiO2-EP composites were obtained using 

the Megger IDAX 300 to assess the effect of filler surface on the long-term dielectric 

constant and dielectric loss. A Keithley 6517B Electrometer was used to determine the 

volume resistivity of high resistivity samples. Uniform plate samples with a thickness of 2 

mm and cylindrical electrodes with a guard ring, as recommended by IEC 62631, were 

used for these investigations. 

 

5.3 Results and Discussion 

 

5.3.1 Surface Wettability Characterization of SiO2 Particles 

 

The hydrophilicity of HP-SiO2 is demonstrated in Figure 5.1(a), which illustrates the 

dynamic behaviour of a water droplet over time. The water droplet was rapidly absorbed 

into the silica pellet within 1.3 seconds. Conversely, the hydrophobicity in HB-SiO2 is 

evident in Figure 5.1(b), exhibiting a WCA of 152° and a sliding angle of 5°. Due to the 

surface roughness of the SiO2 pellet, the measured WCA is lower than the actual value on 
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its continuous solid hydrophilic surface owing to the Wenzel effect, and higher than that 

on its hydrophobic counterparts owing to the Cassie-Baxter effect [226]. The hydrophobic 

property is attributed to the FAS chains, which are covalently bonded to the SiO2 surface 

through silanol head groups. Figure 5.1(c) illustrates the chemical reaction in this 

modification process [227]: FAS undergoes hydrolysis to form silanol groups, which then 

condense with surface silanol groups on SiO2 particles, forming stable Si-O-Si bonds. This 

reaction effectively grafts the fluorinated chains onto the silica surface. The resulting 

hydrophobic layer formed by the fluorine-rich tails is illustrated in Figure 5.1(d). The 

successful grafting of FAS on silica is confirmed in Fourier-transform infrared 

spectroscopy (FTIR) analysis, as shown in Figure 5.2. According to previous literature 

[228], the untreated flat silica glass with a roughness of 0.001 µm showed an apparent 

surface energy of 61.99 mJ/m2. After FAS treatment, the surface energy was reduced to 

11.69 mJ/m2 with unchanged roughness, demonstrating the effectiveness of FAS in 

reducing surface energy. It was reported that the FAS layer is assembled on the substrate 

surface as a monolayer with an extremely thin thickness [229]. There is hydrogen bonding 

between the silica surface and epoxy resin in HP-SiO2 due to the presence of Si-OH groups. 

This hydrogen bonding is weakened when FAS is attached to the surface, leading to a 

poorer interface. 

 



Effects of Filler Wettability on Lont-Term Properties of Epoxy Composites Chapter 5 

92 
 

 
Figure 5.1 Wettability characteristics of HP-SiO2 and HB-SiO2 pellets. (a) Dynamic WCA of 

HP-SiO2, indicating hydrophilicity. (b) WCA and sliding angle of HB-SiO2, showing 

hydrophobicity. (c) Chemical reaction for modifying SiO2 particles to achieve a hydrophobic 

surface. (d) Schematic representation of the hydrophobic layer formation. 
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Figure 5.2 FTIR Results for HP-SiO2 and HB-SiO2, indicating successful grafting of FAS on 

silica surface. 

 

5.3.2 Microstructural Analysis of Modified SiO2 and Derived EP Composites 

 

The morphology and elemental information of both SiO2 particles were characterized using 

SEM and EDX, as illustrated in Figure 5.3(a,b). The two types of particles exhibit similar 

sizes ranging from 0.5 to 10 μm. Notably, fluorine is clearly detectable on the HB-SiO2 

particles, providing evidence for the successful surface modification via fluoro silane 

grafting. 

 

The morphological and compositional characteristics of the fractured surfaces of EP 

composites after the tensile test are presented in Figure 5.3(c,d) for HP-SiO2-EP and 

Figure 5.3(e-h) for HB-SiO2-EP. The HP-SiO2 particles maintain their dimensions before 

compositing and exhibit homogeneous dispersion throughout the matrix. This uniform 

distribution suggests favorable compatibility between HP-SiO2 and EP. Moreover, the 

filler-matrix interface appears dense, with no visible voids or discontinuities. In contrast, 

HB-SiO2-EP composites exhibit noticeable filler agglomeration, showing poor dispersion 

of HB-SiO2 in epoxy resin system. Micro-voids are observable at the interface between 

HB-SiO2 particles and EP, suggesting a weak interface between the particles and the matrix. 
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Figure 5.3 Microstructural analysis of SiO2 particles and their composites. (a,b) EDX mapping 

of SiO2 particles with hydrophilic and hydrophobic surfaces. (c,d) EDX mapping of HP-SiO2-EP 



Effects of Filler Wettability on Lont-Term Properties of Epoxy Composites Chapter 5 

95 
 

composites, showing uniform dispersion. EDX mapping of HB-SiO2-EP composites, illustrating 

(e,f) agglomeration and (g,h) interfacial micro voids. 

 

5.3.3 Thermal Properties and Curing Dynamics 

 

The curing dynamics and glass transition temperature (Tg) were studied using DSC, and 

the relevant parameters are summarized in Table 5.1. For the curing dynamics, the released 

heat during the curing reaction was recorded as H. The results indicate that the addition of 

SiO2 fillers decreases the exothermic peak area, as the fillers occupy part of the composite’s 

weight, reducing the amount of EP available for curing compared to pure EP. Therefore, 

the heat calculation was corrected by deducting the weight of the silica. The corrected heat 

of curing (Hcorr) still shows a decrease after adding silica, suggesting that the incorporation 

of fillers reduces the crosslinking density of the epoxy resin, possibly due to the hindrance 

of polymer chain movement caused by the fillers during the curing process [230]. 

Specifically, the heat of curing for HP-SiO2-EP is slightly lower than that of HB-SiO2-EP, 

which may be attributed to the more uniform dispersion of HP-SiO2, providing greater 

hindrance to molecular movement. 

 

No exothermic peaks are observed for the specimens cured under the conditions described 

in the material preparation section 5.2.2.2, confirming complete curing for all samples. The 

corresponding curves are provided in Figure 5.4. The Tg values of HP-SiO2-EP, HB-SiO2-

EP, and pure epoxy resin composites are similar, indicating that the addition of 5 wt.% 

SiO2 fillers does not significantly affect the thermal stability of the material. 

 
Table 5.1 Thermal properties of SiO2-EP composites and pure epoxy resin. 

 Heat of curing H 
(J/g) 

Corrected heat of 
curing Hcorr (J/g) 

Glass transition 
temperature Tg (Cº) 

HP-SiO2-EP 408.3 429.8 124.7 

HB-SiO2-EP 416.5 438.4 124.2 
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Pure Epoxy Resin 469.9 469.9 124.3 

 

 
Figure 5.4 DSC curves for HP-SiO2-EP, HB-SiO2-EP compared to pure epoxy resin. a) 

Uncured specimens to observe the curing reaction heat. b) Cured specimens by the given curing 

conditions to determine the curing degree. 

 

5.3.4 Mechanical Properties and Failure Analysis 

 

The mechanical properties of HP-SiO2-EP and HB-SiO2-EP composites were evaluated 

through tensile tests after various aging durations. Their tensile strength and Young’s 

modulus are illustrated in Figure 5.5(a,b). During the 1200-hour aging period, both EP 

composites exhibit a marginal decrease in tensile strength, not exceeding 3.3%. This slight 

degradation can be attributed to polymer chain scission, oxidation, and hydrolysis induced 

by heat and moisture exposure [231], [232], [233]. At the same time, the Young's modulus 

of HP-SiO2-EP and HB-SiO2-EP diminishes from 714 ± 21 to 648 ± 34 MPa and from 660 

± 45 to 632 ± 38 MPa, respectively. This reduction in modulus is due to the plasticization 

effect caused by water absorption, which leads to volumetric swelling of the epoxy resin 

matrix and increases chain mobility [146], [234].  

 

Notably, HP-SiO2-EP consistently demonstrates superior tensile strength and higher 

modulus compared to HB-SiO2-EP, both before and after hygrothermal aging. This 
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enhanced performance under harsh conditions can be attributed to the strong interfacial 

adhesion between HP-SiO2 and the epoxy resin matrix.  

 

The fracture surfaces of representative specimens before and after 1200 hours of aging 

were examined by SEM, as shown in Figure 5.5(c). All specimens exhibit river-like 

patterns and relatively flat surfaces, indicating the brittleness of the material [146]. HP-

SiO2-EP displays smoother fracture surfaces compared to HB-SiO2-EP. No significant 

differences are observed in the fracture surface before and after the hygrothermal aging. 

Finite element analysis was conducted to compare the stress distributions in HP-SiO2-EP 

and HB-SiO2-EP under the same unit lateral displacement, as shown in Figure 5.5(d). 

Arbitrary shaped voids were modelled around the SiO2 fillers in HB-SiO2-EP. The results 

show that although the uneven stress fields can be observed in both cases, the interfacial 

defects in HB-SiO2-EP introduce severe stress concentration, with a maximum is 82.2 MPa 

compared to 17.4 MPa in HP-SiO2-EP. Such stress concentration may cause failure to 

occur earlier, resulting in the degradation of material performance.  
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Figure 5.5 Mechanical characteristics and fractographic analysis of EP-SiO2 composites. (a) 

Tensile strength and (b) Young’s modulus versus aging duration. (c) SEM graphs of fracture 

surfaces before and after 1200 hours of aging. (d) Finite element simulation of stress distribution 

in EP-SiO2 composites. 

 

5.3.5 Dielectric Breakdown Characteristics and Failure Analysis 

 

The dielectric breakdown strength of modified epoxy resins was evaluated in insulating oil 

under ambient condition using an AC voltage source. Two-parameter Weibull analysis was 
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employed to characterize the failure probability of the EP composites under various 

electrical stresses. These two parameters are summarized in Table 5.2. Figure 5.6(a,b) 

illustrates the failure probability distributions of HB-SiO2-EP and HP-SiO2-EP as a 

function of hygrothermal aging duration. During the degradation process, the regression 

lines for both EP composites shift leftward, indicating a reduction in dielectric breakdown 

strength under harsh conditions. The characteristic breakdown strength (α), defined as the 

strength at which the failure probability is at 63.2%, is summarized in Figure 5.6(c). The 

characteristic breakdown strength, α, for HP-SiO2-EP decreases from 74 to 49 kV/mm, 

while for HB-SiO2-EP, it drops from 51 to 37 kV/mm. This degradation can be attributed 

to enhanced charge transport due to water absorption, which may form a “shell” around 

individual particles, potentially creating percolating networks and adversely affecting the 

dielectric breakdown strength [235], [236]. Notably, the HP-SiO2-EP consistently 

demonstrates superior dielectric reliability compared to HB-SiO2-EP, both before and after 

hygrothermal aging. This observation underscores the significant influence of filler surface 

wettability on the dielectric resistance of EP composites. Figure 5.6(d) compares the 

electric field distributions in HP-SiO2-EP and HB-SiO2-EP using finite element analysis. 

When applying the same lateral externa electric field to both composites, the electric field 

in HB-SiO2-EP is much higher than that in HP-SiO2-EP due to electric field distortion 

caused by interfacial voids. Subsequently, the dielectric breakdown process was simulated 

using the phase field method. Based on the laws of thermodynamics, the phase field method 

uses a phase field variable which continuously changes from 0 to 1 to describe the evolution 

of breakdown damage, with 0 representing the intact material and 1 the fully broken-down 

material [237], [238]. Here, an increasing electric field in the horizontal direction was 

applied to both composites, and the breakdown damage evolution was shown in Figure 

5.6(e). The results illustrate that the breakdown is initiated from the fillers in HP-SiO2-EP 

and connects to each other with the increasing electric field, resulting in the final 

breakdown. The breakdown time of HP-SiO2-EP is longer than that of HB-SiO2-EP, 

showing a higher dielectric strength. For HB-SiO2-EP, the air inside the interfacial voids 

is first broken down, then the damage propagates from the voids until they connect with 

each other and fully breakdown.  
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Table 5.2 Scale parameter α and Shape parameter β for epoxy resin composites throughout 

1200-hour aging process. 

Specimen type Aging time (h) Scale parameter  
α (kV/mm) 

Shape parameter  
β 

HP-SiO2-EP 

0 74.1 4.6 

300 62.7 5.5 

600 56.8 7.5 

1200 49.1 7.3 

HB-SiO2-EP 

0 51.1 8.3 

300 46.3 10.8 

600 43.4 9.3 

1200 36.7 5.9 
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Figure 5.6 Dielectric breakdown analysis of EP-SiO2 composites. Failure probability of (a) HP-

SiO2-EP and (b) HB-SiO2-EP under various electrical stress. (c) Characteristic AC breakdown 

strengths α at 63.2% failure probability as a function of aging duration. Simulation of (d) electrical 

field distortion and (e) the dielectric breakdown process in EP-SiO2 composites. 

 

5.3.6 Dielectric Spectroscopy of HP-SiO2-EP and HB-SiO2-EP under 

Hygrothermal Aging 

 

The dielectric spectra of epoxy resin incorporating SiO2 with different surface wettability 

were obtained using the capacitance method at room temperature across multiple 

frequencies. Figure 5.7 illustrates the dielectric spectra for (a) HP-SiO2-EP and (b) HB-

SiO2-EP across multiple frequencies, with the color gradient transitioning from light to 

dark representing increasing aging durations from 0 to 1200 hours. Both HP-SiO2-EP and 

HB-SiO2-EP exhibit significant increases in dielectric constant and loss during 

hygrothermal aging, particularly in the low-frequency region. This indicates more severe 

ionic conduction caused by water uptake [239]. The relaxation of polymer structures is also 

evident in the dielectric spectra [231]. 

 

Notably, all specimens demonstrate decreasing dielectric constant and loss with increasing 

frequency. Differences between specimens are pronounced at frequencies below 100 Hz 

but converge at higher frequencies. This phenomenon is attributed to a shift in dominant 

effects: at low frequencies, the filler interface dominates the dielectric properties, and 

degraded impurities, including ionic species, also contribute to the increased dielectric 

constant and loss, while at high frequencies, frequency-dependent impacts such as electron 

hopping and Debye dielectric relaxation become more significant [240], [241]. 

 

Herein, to minimize the impact of loading frequency on dielectric properties, the dielectric 

constant and loss at a specific frequency 50 Hz are compared in Figure 5.7(c-d). Initially, 

HB-SiO2-EP exhibits a lower dielectric constant and loss than HP-SiO2-EP, likely due to 

the introduction of fluorinated groups during filler surface treatment, which can decrease 

polymer polarizability [242]. However, as the aging duration increases, the dielectric 
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properties of HB-SiO2-EP exhibit a more pronounced deterioration compared to HP-SiO2-

EP. Specifically, HB-SiO2-EP exhibits a 28% increase in dielectric constant and a 311% 

rise in dielectric loss. In contrast, HP-SiO2-EP shows more moderate changes, with a 13% 

increase in dielectric constant and a 234% rise in dielectric loss. Water significantly 

contributes to this rapid increase due to its stronger dipoles compared to epoxy resin and 

SiO2 [146], [243]. Moreover, humidity can disrupt polymer chains and increase free 

volume, resulting in higher polymer polarization ability [244]. Consequently, despite its 

hydrophobic filler surface, HB-SiO2-EP appears to absorb more water during the 

hygrothermal aging process, rendering its final dielectric properties more sensitive to 

humidity and heat than HP-SiO2-EP. 
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Figure 5.7 Dielectric properties of SiO2-EP composites throughout 1200-hour aging process. 

Dielectric spectra under multi-frequency for (a) HP-SiO2-EP and (b) HB-SiO2-EP with various 

aging durations. (c) Dielectric constant and (d) dielectric loss at 50 Hz for HP-SiO2-EP and HB-

SiO2-EP with various aging durations. 

 

5.3.7 Volume Resistivity 

 

The volume resistivity of HB-SiO2-EP and HP-SiO2-EP was quantitatively assessed using 

an electrometer under ambient conditions following varying durations of hygrothermal 

aging. The results are illustrated in Figure 5.8, revealing a pronounced decrease in volume 

resistivity for both composite types with increasing aging duration, attributed to water 

uptake and material degradation [231]. The hygrothermal process facilitates ionic transport 

through absorbed water and epoxy hydrolysis, consequently diminishing volume resistivity 

[245].  

 

Initially, HB-SiO2-EP exhibits superior volume resistivity at (3.1 ± 0.35) × 10¹⁴ Ω⋅cm, 

compared to HP-SiO2-EP at (2.9 ± 0.65) × 10¹⁴ Ω⋅cm. However, HB-SiO2-EP subsequently 

demonstrates a more severe decline in resistivity. A critical crossover point is observed at 

600 hours, beyond which the volume resistivity of HB-SiO2-EP becomes inferior to that of 

HP-SiO2-EP. This long-term aging behavior suggests that the poor interfacial adhesion 

between HB-SiO2 and epoxy resin matrix exerts a more dominant influence than the 

hydrophobic nature of the filler surface. Consequently, this leads to increased moisture 

uptake at the filler-EP interface, ultimately compromising resistivity. The higher moisture 

absorption is a key factor contributing to the decline in resistivity. 
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Figure 5.8 Volume resistivity of SiO2-EP composites throughout 1200-hour aging process. 

 

5.4 Summary 

 

In this research, SiO2 micro-particles with hydrophilic (HP) and hydrophobic (HB) 

surfaces were prepared and incorporated into epoxy resin system. These composites were 

subjected to hygrothermal aging at 95ºC and 95% RH for durations up to 1200 hours. 

Comprehensive tests including the wettability, dielectric and mechanical characterizations 

were conducted to compare their performance. SEM and EDX, along with finite element 

simulations, were employed to reveal the degradation and failure mechanisms. The 

following conclusions can be drawn: 

 

(1) HP-SiO2-EP exhibits excellent filler dispersion and dense filler-matrix interface. 

Conversely, HB-SiO2-EP displays poor filler dispersion and visible interfacial voids 

due to incompatibility between filler surface and epoxy resin matrix. 

 

(2) HP-SiO2-EP demonstrates higher tensile strength (64 ± 1 MPa), Young's modulus (714 

± 21 MPa) and characteristic dielectric breakdown strength (74 kV/mm) compared to 

HB-SiO2-EP (58 ± 5 MPa, 660 ± 45 MPa and 51 kV/mm, respectively) due to the 

stronger interface. Despite significant degradation from hygrothermal aging, HP-SiO2-

EP maintains better durability after 1200 hours of aging. 
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(3) HP-SiO2-EP presented lower sensitivity to hygrothermal aging than HB-SiO2-EP, 

exhibiting less increases in dielectric constant (+13% vs. +28%) and loss (+234% vs. 

+311%), and a smaller decrease in volume resistivity (-89% vs. -93%), indicating the 

superior long-term stability of HP-SiO2-EP. 

 

(4) This study quantitatively evaluates the effects of filler surface wettability on the long-

term performance of EP-SiO2 composites, providing valuable insights for high-

reliability material design in electrical and electronic application. 
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Chapter 6  
 

Optimizing Dielectric, Mechanical, and Thermal Properties 

of Epoxy Resin through Molecular Design for 

Multifunctional Performance 
 

Current methods for enhancing epoxy resin (EP) properties, such as 

filler incorporation, often face challenges like particle agglomeration 

and interfacial defects, limiting performance improvements. In this study, 

a novel molecular design approach for EP is proposed, avoiding the 

dispersion issue in filler incorporation. Three molecular modifications 

are introduced to EP systems using facile synthesis procedures, 

including modifiers with bulky groups and crosslinking potential to 

reduce the dielectric constant while enhancing mechanical and thermal 

reliability, along with deep traps to increase breakdown strength. The 

modified epoxy resins exhibit significant improvements in electrical, 

mechanical and thermal properties. FTIR, SEM, and EDX confirm 

successful grafting and exceptional dispersion without agglomeration. 

This study demonstrates that small amounts of chemical modifiers can 

significantly enhance epoxy resin performance. The resulting materials 

can meet the requirements for next-generation dielectric materials while 

maintaining low production costs.  

________________ 
* This section is published substantially in Materials Horizons, 2025. 

http://dx.doi.org/10.1039/d4mh01414f. No written permission is necessary for thesis purpose, 

Copyright 2025 Royal Society of Chemistry.  

http://dx.doi.org/10.1039/d4mh01414f
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6.1 Introduction 

 

The utility of epoxy resin (EP) has been ubiquitous in industries that require high-

performing materials due to its versatility from chemical and processing perspectives. The 

outstanding properties of EP, such as high modulus, high strength, good adhesion, and high 

chemical resistance, among others, are highly desirable in diverse applications, including 

construction, automotive sectors, and aerospace industries [232], [246], [247]. These 

exceptional qualities have made EP indispensable for a wide range of applications that 

demand robustness and durability. However, despite the numerous advantages of 

traditional EP, the continuing miniaturization of electronic devices and the increasing 

power output of electrical equipment have created new challenges that require materials 

with low dielectric constant, high breakdown strength, and high electrical resistivity [218], 

[237]. Traditional EP often fails to meet the stringent requirements of advanced dielectric 

materials for these emerging applications. As a result, the development of innovative 

modification approaches for EP has gained considerable interest within the scientific and 

industrial communities. 

 

To address the need for improved dielectric properties in EP, researchers have devised 

strategies involving the incorporation of fillers [190], [238]. These particles, when 

dispersed within the epoxy matrix, introduce numerous deep traps capable of capturing 

injected charges and suppressing space charge accumulation. However, the effectiveness 

of this suppression mechanism heavily depends on achieving uniform nanoparticle 

dispersion throughout the polymer matrix [248]. While the addition of fillers can 

potentially enhance dielectric properties, it may adversely impact the processability and 

mechanical performance of the resulting polymer composites. Moreover, the presence of 

fillers can lead to a mismatch between the filler and polymer matrix, causing electric 

distortion and potentially degrading critical properties such as breakdown strength, 

dielectric loss, and electrical resistivity [128]. Consequently, increasing attention has been 

directed toward molecular modification techniques, which offer the advantage of being 

free from the agglomeration problems associated with filler incorporation. 
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The effects of modifications on the thermal stability of EP have been extensively studied. 

Lin and Pearce [166], [167] investigated the thermal properties of DGEBA (Diglycidyl 

Ether of bisphenol A)-DGEBF (Diglycidyl Ether of 9,9-bis(4-hydroxyphenyl)fluorene) 

and DGEBA-DGEPP (Diglycidyl Ether of Phenolphthalein) copolymers. Their findings 

revealed that the DGEBA-DGEBF copolymer exhibited superior heat and flame resistance 

compared to the DGEBA-DGEPP copolymer, attributable to its higher aromatic ring 

content. Fourier-transform infrared (FTIR) data suggested that the possible degradation 

mechanisms for these EP involve the Wieland rearrangement, Claisen rearrangement, and 

Norrish-type reactions. Chen et al. prepared five different EPs cured with TMB (trimethoxy 

boroxine) and DDS (diaminodiphenylsulfone) hardeners [168]. The results indicated that 

polymers with high aromaticity and/or cyclic ring structures in the chain backbone 

generally exhibited enhanced heat resistance. Furthermore, the morphology and structure 

of organosilicon polymer-modified EP were investigated by incorporating an organosilicon 

polymer (denoted as ETOP) as a modifier to blend with bisphenol A-type EP [169]. The 

study demonstrated that the cross-linked epoxy-rich matrix possessed a higher glass 

transition temperature (Tg) than pure EP at higher ETOP content. This observation was 

attributed to the participation of epoxide groups on ETOP molecules in the cross-linking 

reaction of the matrix, thereby increasing the cross-link density and enhancing the Tg. 

 

Improving the toughness of EP is another active area of research, aimed at enhancing the 

ability of these materials to deform plastically and resist crack propagation. Misaki et 

al.[165] investigated the fracture properties of p,p'-diaminodiphenyl methane-cured EP 

modified with various aromatic and aliphatic glycidyl compounds. Their findings revealed 

that while most of these compounds promoted an increase in fracture toughness, the heat 

resistance of the modified EP was compromised to some extent by the incorporation of 

glycidyl compounds. Additionally, they observed an inverse relationship between cross-

linked density of the resins and their impact strength and fracture toughness. Remarkably, 

the addition of 10 wt% of a terpolymer resulted in a substantial (140%) increase in the 

fracture toughness of the modified EP. 
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While extensive research efforts have been dedicated to modifying EP to improve their 

thermal and mechanical properties, relatively few studies are focused on enhancing their 

dielectric characteristics. With the rapid development in energy storage and conversion, 

flexible electronics, smart sensing, and 5G/6G communication, there is an urgent need for 

EP with tailorable dielectric properties [128]. Some research demonstrates that the 

introduction of polar groups in resin enhances the dielectric breakdown strength, which can 

be attributed to the formation of deep traps that capture charges [170], [171]. Meanwhile, 

the existence of bulky groups benefits the reduction of dielectric constants [172]. 

 

Inspired by these previous findings, this study synthesized three types of molecularly 

modified EP using various strategies, such as introducing polar groups to increase the 

breakdown voltage, incorporating bulky groups, and promoting crosslinking to reduce the 

dielectric constant and loss. Fourier-transform infrared spectroscopy (FTIR), scanning 

electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDX) were 

employed to reveal the chemical structure of the modified EP and the distribution of 

modifiers. Dielectric, mechanical, and thermal stability tests were conducted to evaluate 

the performance of the modified EP. The findings of this study provide an efficient way to 

simultaneously enhance the dielectric, mechanical, and thermal properties of EP, making 

the molecularly modified EP a promising candidate for a new generation of dielectric 

materials applied in the electrical and electronic industry. 

 

6.2 Experimental 

 

6.2.1 Materials 

 

EP solution ARALDITE® LY 5052 and amine hardener ARADUR® 5052 CH were 

provided by Huntsman Advanced Materials Americas LLC. The three modifiers, allyl 

chloroacetate (AC), 2-Amino-5-chloro-2’-fluorobenzophenone (ACF), and maleic 

anhydride (MA), were supplied by Sigma-Aldrich Pte Ltd. Their chemical structures and 

physical states are listed in Table 6.1. Methanol provided by Aik Moh Chemicals Pte Ltd 

was used as the solvent. 
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Table 6.1 Modifier Properties and Pre-treatment Procedures 

Modifiers Chemical 
Structure 

Physical 
State at 

RT* 

Improvement 
Strategy 

Treatment Prior to 
Blending with Liquid 

EP 

Allyl 
chloroacetate 

(AC) C5H7ClO2 

Colourless 
liquid Polar group Premix with hardener 

Maleic 
anhydride 

(MA) C4H2O3 

White 
solid 

Polar group+ 
crosslinking 

Dissolve in methanol, 
mix with hardener, stir 

for 10 minutes to 
evaporate the solvent 

2-Amino-5-
chloro-2’-

fluorobenzoph
enone 
(ACF) C13H9ClFNO 

Yellow 
powder 

Polar group+ 
bulky group+ 
crosslinking 

Grind to fine powder, 
then premix with 

hardener 

 

* RT = Room Temperature 

 

6.2.2 Sample Preparation 

 

6.2.2.1 Preparation of Pure Epoxy Resin 

 

Epoxy/amine resin specimens were prepared by mixing the uncured EP solution with the 

amine-containing hardener at a fixed weight ratio of 1:0.38. A Thinky Mixer ARE-310 was 

utilized for planetary mixing at 2000 rpm and centrifugal defoaming at 2200 rpm. The clear 

and bubble-free mixture was then gently poured into stainless-steel or silicone molds with 

specific cavities for curing. The EP was cured at room temperature for 24 hours, followed 

by post-curing at 100ºC for 4 hours. The specimens were stored in a dry box at 40% relative 

humidity. The detailed procedure including mold preparation can be seen in section 3.2. 

 

6.2.2.2 Preparation of Chemically Modified Epoxy Resin with AC, ACF 

and MA 

 

The three modifiers, AC, ACF, and MA, were incorporated into the EP at concentrations 

of 0.5, 1.0, and 1.5 wt.%. The preparation method was similar to that of the neat EP, except 
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that the modifier was pre-mixed with the low-viscosity hardener solution before blending 

with the liquid EP. This step ensured optimal dispersion and homogeneous grafting 

throughout the system. The pre-treatment of modifiers to facilitate dissolution into the 

hardener varied based on their physical state, as detailed in Table 6.1. Notably, for the 

hardener and MA-methanol solution, the methanol was fully evaporated before proceeding 

to the next step, as verified through weight checks and FTIR analysis. Once a homogeneous 

hardener-modifier mixture was obtained, the liquid EP was added, cast, and cured 

following the same procedure described in Section 6.2.2.1. 

 

6.2.3 Chemical Structure Analysis 

 

Fourier-transform infrared (FTIR) spectroscopy was employed to identify chemical 

reactions occurring during the modification process and to confirm the successful grafting 

of modifiers onto the polymer chain. The FTIR Frontier from PerkinElmer, equipped with 

attenuated total reflectance (ATR), was used. The light source spanned wavelengths from 

4000-600 cm-1 (with ATR for solid samples) and 4000-500 cm-1 (without ATR for liquid 

samples), using 32 scan accumulations with a resolution of 4 cm-1. For solid specimens, 

the dimensions are a rectangular block with a length of 40 mm, width of 10 mm, and 

thickness of 2.5 mm. 

 

To understand the chemical reactions during curing, changes in chemical bonds under 

different curing states were evaluated using FTIR. Specimens were analyzed after 24 hours 

of room temperature curing, representing an incomplete curing state (defined as pre cure), 

and after an additional 4 hours of curing at 100 °C, representing the complete curing state 

(defined as post cure). 

 

6.2.4 Analysis of Curing Behavior 

 

Differential Scanning Calorimetry (DSC) tests were conducted using DSC Q10 from TA 

Instruments. To assess the curing behavior, the uncured epoxy resin, hardener, and 

modifier were mixed following the pretreatment outlined in Section 6.2.2.2 with testing 
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initiated within 10 minutes of mixing. The heating rate was 10°C/min, from 0°C to 250°C, 

and the heat released during curing was recorded. Duplicate tests were performed for each 

specimen type, and the curing heat values for specimens (𝐻𝐻1 and 𝐻𝐻2) were confirmed to 

meet the inequality specified in BS ISO 14322 [249]. 
|𝐻𝐻1 − 𝐻𝐻2|

(𝐻𝐻1 + 𝐻𝐻2)/2
× 100 ≤ 10% (𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 6.1) 

 

Cured specimens, prepared as described in Section 6.2.2.2 (24 hours at room temperature 

followed by 4 hours at 100°C), were also analyzed by DSC under the same conditions (0 °C 

to 250 °C at 10° C/min). A few milligrams of film fragments were used for this test. The 

DSC curves of the cured specimens were compared with those of the uncured specimens 

to determine the degree of curing. 

 

6.2.5 Dielectric Spectroscopy and Volume Resistivity 

 

Dielectric spectra of the EP were acquired using a Meggar IDAX 300 to assess the effects 

of chemical modifications on the dielectric constant and dielectric loss. Volume resistivity 

was measured with a 6517B Electrometer from Keithley Instruments, designed for high-

resistivity samples. The tests were conducted using uniform plate samples with a thickness 

of 2 mm and cylindrical electrodes with a guard ring, in accordance with IEC 62631. 

 

6.2.6 Dielectric Breakdown Strength 

 

The dielectric breakdown strength was measured using an AC high-voltage tester 

(Hipotronics 700 Series). Thin film specimens with a thickness of 200 μm were used to 

minimize the impact of defects. Step voltage was applied to the films via copper electrodes, 

with the initial voltage determined by a short-time test using a constant speed. Details can 

be found in ASTM D90. The data was analysed using a two-parameter Weibull distribution, 

as described by Equation 6.2, to evaluate the dielectric breakdown behaviour:  
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𝐹𝐹(𝐸𝐸;𝛼𝛼,𝛽𝛽) = 1 − ex p �− �
𝐸𝐸
𝛼𝛼�

𝛽𝛽

� (Equation 6.2) 

 

where 𝐹𝐹  is the probability of failure at a given electrical stress. 𝐸𝐸  is the measured 

breakdown strength. 𝛼𝛼 is the scale parameter representing the characteristic breakdown 

strength at 63.2% failure probability, and 𝛽𝛽 is the shape parameter describing the data 

distribution. A higher 𝛼𝛼 indicates stronger resistance to dielectric breakdown. 

 

6.2.7 Mechanical Properties 

 

Tensile properties were characterized using a Shimadzu AGS-X mechanical tester, 

following ASTM D638 standards. A 20 kN load cell and a strain rate of 1 mm/min were 

used. Dog-bone-shaped test samples with a thickness of 2.5 mm, a width of 3.18 mm, and 

a gauge length of 7.62 mm were used. Tensile strength and Young’s modulus were 

determined from these tests. Hardness was measured using a MITECH MH180 Leeb 

Hardness Tester on the same specimen before tensile measurements. 

 

6.2.8 Fractographic Analysis 

 

The morphology and element dispersion on the fracture surfaces of EP samples were 

analysed using a field emission scanning electron microscope (SEM) and energy-

dispersive X-ray analysis (EDX). JEOL JSM 7800F Prime, equipped with an Oxford Ultim 

Max EDS detector, was used for this analysis. A platinum coating, along with conductive 

tapes, was applied to the sample surface to obtain high-quality images of non-conductive 

polymers. 

 

6.2.9 Thermal Stability 

 

Dynamic mechanical analysis (DMA) was conducted to measure the glass transition 

temperature (Tg) of the EP. Rectangular specimen with a length of 40 mm, width of 10 mm, 
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and thickness of 2.5 mm were used in this test. The three-point bending mode was used, 

with the temperature range extending from room temperature to 200°C. 

 

6.3 Results 

 

6.3.1 Chemical Change During Modification Process 

 

6.3.1.1 Allyl Chloroacetate-Epoxy Resin (EP-AC) 

 

The FTIR spectra of EP-AC are shown in Figure 6.1(a). The right section displays the 

spectra for post-cured EP-AC with different AC contents. The characteristic C=O peak at 

1743 cm-1 [250] is observed in all EP-AC samples and increases with higher AC content, 

confirming the existence of AC in the EP system. To ensure that AC is chemically bonded 

to the polymer chain, further analysis was conducted. The chemical bonds in EP containing 

1.5 wt.% AC (EP-AC-1.5) were characterized before and after heat curing, as illustrated in 

the left section of Figure 6.1(a). The reduction in the intensity of the C=C peak at 1648 

cm-1[251] suggests the consumption of C=C bonds in AC and their integration into the EP 

chain. The consistent C=C intensities across different AC concentrations further support 

this conclusion. The proposed reaction mechanism, shown in Figure 6.1(d), suggests that 

the C=C bond in AC reacts with -NH- groups in the epoxy/amine resin. 

 

6.3.1.2 2-Amino-5-Chloro-2’-Fluorobenzophenone-Epoxy Resin (EP-

ACF) 

 

ACF contains amine groups, which are similar to the curing sites of the amine hardener in 

this EP system. One ACF molecule can potentially bond with two epoxy rings, thereby 

enhancing crosslinking. The FTIR spectra of EP-ACF with varying ACF content are shown 

in Figure 6.1(b). A decrease in the epoxide peak at 912 cm-1 [29], [252] is observed as 

ACF content increases, indicating greater consumption of epoxy rings by ACF. Therefore, 

it can be concluded that the amine groups in ACF react with epoxy rings, as illustrated in 

the reaction mechanism in Figure 6.1(d). 
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6.3.1.3 Maleic Anhydride-Epoxy Resin (EP-MA) 

 

As shown in Figure 6.1(c), there is an increase in the ester bond peak at 1735cm-1 and a 

decrease in the epoxide peak at 912cm-1 [29], [250], [252] as MA content increases. This 

indicates the consumption of epoxide groups, along with the formation of ester bonds. The 

same trend is also evident in the comparison of specimens before and after heat curing, 

directly indicating the grafting process of MA onto the EP chain. The proposed chemical 

reaction mechanism is shown in Figure 6.1(d). Each MA molecule contains two reactive 

sites that can react with epoxy groups, contributing to crosslinking. 
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Figure 6.1 Chemical changes during the molecular modification of EP. (a-c) FTIR spectra of 

EP modified with AC, MA, and ACF, respectively, before and after thermal post-curing, and with 
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varying modifier dosages after complete curing. (d) Proposed mechanisms for the chemical grafting 

of the three modifiers onto the EP chain. 

 

6.3.1.4 Curing Behavior of Modified EP 

 

Differential Scanning Calorimetry (DSC) was used to investigate the degree of curing for 

all modified EP with the highest dosage of 1.5 wt.%. The DSC curve comparisons for 

uncured and cured EP with 1.5 wt.% modifiers are illustrated in Figure 6.2. The DSC 

curves for uncured specimens displayed distinct exothermic peaks, indicating ongoing 

curing. In contrast, the cured specimens (under the conditions described in Section 6.2.2.2) 

showed flat curves with no exothermic activity, indicating that curing was effectively 

complete for all three modified epoxy resins. 
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Figure 6.2 DSC curves for uncured and cured (a) EP-AC-1.5, (b) EP-MA-1.5, and (c) EP-ACF-

1.5. 
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6.3.2 Microstructural Analysis of Chemically Modified Epoxy Resin 

 

EDX analysis was conducted to assess the dispersion of the modifiers. The elemental 

mappings for various elements in the modified EP with 1.5 wt.% modifier content are 

shown in Figure 6.3(a-d). The mappings demonstrate a homogeneous distribution of 

elements, including those specific to the modifiers, confirming the uniform dispersion of 

the modifiers in the EP matrix. Specifically, Figure 6.3 (b) to (d) illustrate well-dispersed 

elemental signals for carbon (C), nitrogen (N), oxygen (O), and modifier-specific elements 

like chlorine (Cl) and fluorine (F). This indicates effective incorporation of the modifiers 

on molecular level without any agglomeration. It ensures a uniform composition 

throughout the EP matrix, addressing issues such as agglomeration and uneven dispersion 

commonly seen in filler-incorporated composites. 

 

 
Figure 6.3 EDX elemental mapping of the fracture surfaces for (a) Pure EP, and EP modified 

with 1.5 wt.% of (b) AC, (c) MA and (d) ACF. 
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6.3.3 Improvement in Dielectric Properties 

 

6.3.3.1 Dielectric Constant and Dielectric Loss 

 

The dielectric spectra of EP modified with AC, MA, and ACF at varying concentrations 

were analyzed using the capacitance method at room temperature. Figure 6.4(a-c) 

illustrates the dielectric constant and dielectric loss spectra across multiple frequencies. 

Figure 6.4(d) compares the dielectric spectra of the three modified EP at their optimal 

modifier contents: 1.0 wt.% for EP-AC, 0.5 wt.% for EP-MA, and 1.5 wt.% for EP-ACF. 

Generally, all modified EP exhibit lower dielectric constants and dielectric losses 

compared to pure EP, primarily due to enhanced crosslinking density. Additionally, both 

the dielectric constant and loss decrease with increasing frequency. 

 

The dielectric constant and loss at a fixed frequency of 50 Hz are compared in Figure 

6.4(e,f). All modified EP, regardless of the modifier concentration, exhibit a lower 

dielectric constant than pure EP. Each type of molecular modification has a distinct impact 

on the dielectric properties of the epoxy resin: 

 

1) EP-ACF 

ACF introduces bulky aromatic groups, which create steric hindrance and restrict dipole 

alignment under an electric field. In addition, ACF promotes crosslinking within the 

polymer matrix, forming a more rigid structure and limiting charge carrier movement. 

These combined effects lead to a 27% reduction in dielectric constant and a 42% reduction 

in dielectric loss for EP-ACF-1.5 compared to pure EP. 

 

2) EP-MA 

MA reacts with up to two epoxide groups, promoting crosslinking that limits dipole 

mobility and reduces polarization. Consequently, EP-MA-0.5 exhibits a dielectric constant 

up to 30% lower than pure EP. The increased crosslink density also reduces dielectric loss 

by limiting charge carrier movement, resulting in a 10% reduction compared to pure EP. 
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Due to competition with the hardener and the high molar concentration of MA, the optimal 

dosage by weight must be carefully selected. 

 

3) EP-AC 

The grafting of AC molecules onto the epoxy resin chain increases molecular weight, 

enhancing the rigidity of the polymer chain and hindering dipole movement. This results 

in a 20% reduction in the dielectric constant for EP-AC-1.0 compared to pure EP. The 

increased rigidity also contributes to a 12% reduction in dielectric loss. 

 

In summary, all three modifications are able to reduce the dielectric constant and loss of 

epoxy resin through different strategies. Among them, ACF is the most effective, followed 

by MA and AC. These reductions in dielectric constant and loss significantly enhance the 

performance of EP in electrical and electronic applications by minimizing power 

dissipation and signal delays [253], [254]. 
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Figure 6.4 Dielectric properties of modified EP. (a-c) Dielectric constant and dielectric loss 

spectra for EP modified with varying concentrations (0, 0.5, 1.0, and 1.5 wt.%) of (a) AC, (b) MA, 

and (c) ACF. (d) Comparison of dielectric constant and dielectric loss spectra for the three 

modifiers at their optimal concentrations. Comparison of (e) dielectric constant and (f) dielectric 

loss for AC, MA, and ACF-modified EP at various dosages tested under 50 Hz.  

 

6.3.3.2 Volume Resistivity 
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Volume resistivity of the modified EP was measured using an electrometer at ambient 

temperature. As shown in Figure 6.5(a), all modified EP exhibit significant improvement 

in resistivity compared to pure epoxy. This enhancement is attributed to the polar groups 

in the modifiers, which form deep traps that capture charge carriers and reduce their 

mobility [255], [256]. Notably, EP-MA-0.5 achieves the highest resistivity at 1.1×1015 

Ω⋅cm, which is 17 times higher than that of pure EP, as shown in Figure 6.5(b). EP-AC-

1.5 follows with a resistivity of 4.7×1014 Ω⋅cm, a 7-fold increase compared to pure EP. EP-

ACF-1.0 shows a smaller improvement, with a 5-fold increase in resistivity, due to the 

lower density of polar groups in ACF. Interestingly, peak resistivity values are observed in 

both EP-ACF and EP-MA systems. When excessive ACF or MA is present, they compete 

with the hardener for epoxy rings, resulting in defects that reduce electrical durability. 

These defects are primarily structural irregularities caused by incomplete or disrupted 

crosslinking, leading to shorter or more branched polymer chains and microstructural 

heterogeneities [22], [257]. Additionally, excess modifier and unreacted hardener act as 

impurities within the thermoset network, increasing the polymer free volume, 

compromising uniformity and creating localized weak points that further degrade 

performance [258]. Therefore, identifying the optimal modifier content is crucial. 

 

6.3.3.3 Dielectric Breakdown Strength 

 

The dielectric breakdown strength of the modified EP was tested under AC voltage in 

insulating oil at ambient temperature. Two-parameter Weibull statistical analysis was 

employed to determine the failure probability of specimens under varying electrical stress. 

 

The characteristic dielectric breakdown strength (𝛼𝛼) for each group is summarized in 

Figure 6.5(c), indicating that all modifiers can effectively improve dielectric durability. 

Figure 6.5(d) illustrates the failure probability of pure EP and all modified EP at optimal 

concentrations. EP-MA-0.5 shows the highest breakdown strength at 73.9 kV/mm, which 

is 120% of that of pure EP (61.5 kV/mm). The ester bond in MA, particularly the carbonyl 

(C=O) groups, introduces charge traps in the polymer [259], [260]. Due to the high 

concentration of C=O groups in MA, the density of charge traps is significantly increased 
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in EP-MA. These deep traps effectively reduce charge mobility and impede space charge 

accumulation, thereby enhancing the dielectric properties and electrical resistivity of the 

modified polymer. Improved breakdown strength can also be seen in EP-AC-1.5 at 73.4 

kV/mm and EP-ACF-1.0 at 64.0 kV/mm. 

 

 
Figure 6.5 Volume resistivity and dielectric breakdown. (a) Volume resistivity for pure EP and 

AC, MA, and ACF modified EP with various concentrations. (b) Comparison of volume resistivity 

for the modified EP with the optimal modifier concentrations. (c) Characteristic AC breakdown 

strengths when failure probability is at 63.2%. (d) Failure probability of pure and modified EP at 

optimal concentrations under various electrical stresses, analyzed using Weibull statistics. 

 

6.3.4 Mechanical Properties 

 

The mechanical properties of the modified EP including tensile strength, Young’s modulus, 

and hardness, were characterized. Tensile strengths for all groups are shown in Figure 
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6.6(a). Among the modifiers, AC is the most effective, increasing the tensile strength of 

EP-AC-1.5 from 69.7 MPa (pure EP) to 77.7 MPa. The tensile strength improves with 

increasing AC content, which can be attributed to the high concentration of ester bonds in 

AC, leading to a more stable mechanical structure [232], [233], [261]. ACF and MA 

modifications also enhance the mechanical strength, with both achieving the tensile 

strength of 75.4 MPa at their optimal concentrations. The Young’s modulus values are 

displayed in Figure 6.6(b), revealing significant improvements due to these molecular 

modifications. Specifically, EP-AC-1.5 demonstrates the highest modulus at 787 MPa, 

followed by EP-ACF-1.5 at 735 MPa and EP-MA-1.5 at 695 MPa, while the modulus for 

pure EP is 618 MPa. The hardness of the modified EP was also evaluated and illustrated in 

Figure 6.6(c). All three modifications benefit the hardness of the EP due to the enhanced 

crosslinking within the polymer network. MA produces the greatest improvement in 

hardness, followed by ACF and AC.  
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Figure 6.6 Mechanical properties of modified EP. (a) Tensile strength, (b) Young’s modulus, 

and (c) hardness for modified EP at various modifier concentration. (d) SEM images of fracture 

surfaces for pure and modified EP. 

 

6.3.5 Thermal Properties 

 

The Tg of the modified epoxy resins was measured via DMA to assess the thermal 

properties. As shown in Figure 6.7(a), all three types of modifications result in increased 

Tg at their optimal modifier content. EP-AC-1.5 exhibits the highest Tg at 140 °C, while 

the Tg of pure EP is 130 °C. The next one is EP-ACF-1.5 with a Tg at 136 °C, followed by 

EP-MA-0.5 at 131 °C. The increase in Tg can be attributed to the enhanced crosslinking 

within the polymer network [262] and extended chain length [263]. Additionally, the rigid 

benzene rings in ACF also contribute to the increased Tg due to the steric hindrance effect 

[264], [265]. The increased crosslinking density is the main factor driving the improvement 

in resistivity and breakdown strength. 

 

Notably, Tg for EP-MA decreases as MA content increases. This weakening effect, due to 

excessive MA, is also observed in tensile strength and dielectric durability. This is caused 

by competition between MA and the amine hardener, reducing crosslinking efficiency and 

increasing the polymer free volume [257]. Reduced crosslinking is confirmed by the curing 

dynamics study. The released heat during the curing reaction decreases with increasing 

MA concentration. Therefore, the optimal dosage of modifiers must be carefully selected. 

 

6.3.6 Water Absorption 

 

Water absorption behavior is critical for dielectric materials if the equipment is designed 

to operate in humid environments, as moisture can adversely affect dielectric properties 

due to the high polarity of water molecules [266]. 

 

While the introduction of polar groups into epoxy resins benefits properties such as 

resistivity and dielectric breakdown strength, these same polar groups also increase water 
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absorption [267], which is adverse to the dielectric performance of the material. 

Accelerated water absorption tests were conducted in boiling water for all three types of 

modified resins with the highest modifier dosage (1.5 wt.%). As illustrated in Figure 6.7(b), 

EP-MA-1.5 shows higher water absorption than pure EP due to the incorporation of ester 

bonds. This highlights the trade-off between enhanced dielectric properties and reduced 

hydrophobicity. Bulky groups such as benzene and fluorinated groups incorporated by 

ACF are expected to mitigate this adverse impact. The addition of benzene helps hinder 

water diffusion, while fluorinated groups reduce the polarizability of the polymer [242]. 

As a result, EP-ACF not only shows lower water absorption than pure epoxy resin but also 

maintains high resistivity and strong dielectric properties. These combined benefits make 

EP-ACF an ideal candidate for dielectric applications in humid environments. 

 
Figure 6.7 (a) Tg of modified EP at various modifier concentrations. (b) Water absorption of 

modified epoxy resins with 1.5 wt.% modifier content. 

 

6.3.7 Long-Term Aging Performance 

 

Long term hygrothermal aging behavior is critical for dielectric materials if the equipment 

is designed to operate in humid environments, as moisture can adversely affect dielectric 

properties due to the high polarity of water molecules [266]. 

 

While the introduction of polar groups into epoxy resins benefits properties such as 

resistivity and dielectric breakdown strength, these same polar groups also increase water 
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absorption [267], which is adverse to the dielectric performance of the material. 

Hygrothermal aging tests were conducted for all three types of modified resins with the 

highest modifier dosage (1.5 wt.%). As illustrated in Figure 6.8(a) and Figure 6.8(b), EP-

AC shows the most unstable performance in dielectric constant/loss and resistivity after 

1200 hours aging, followed by EP-MA. Due to the incorporation of ester bonds, the 

modified EPs tend to absorb more water, which significantly impacts the electrical 

properties due to the strong dipoles [243]. Additionally, humidity can cause the disruption 

of polymer chains and increase in free volume [244]. This highlights the trade-off between 

enhanced dielectric properties and reduced hydrophobicity. Bulky groups such as benzene 

rings and fluorinated groups incorporated by ACF are expected to mitigate this adverse 

impact. The addition of benzene helps hinder water diffusion, while fluorinated groups 

reduce the polarizability of the polymer [242]. As a result, EP-ACF shows the most stable 

long-term dielectric properties (+24% in dielectric constant and +6.7 times in dielectric 

loss). Notably, EP-ACF presents the lowest initial resistivity among the three modifications 

but maintains the highest resistivity after 1200 hours of hygrothermal aging. These stable 

properties under extreme hydrothermal conditions make EP-ACF an ideal candidate for 

dielectric applications in humid and hot environments. 

 

 
Figure 6.8 (a) Dielectric constant/loss and (b) volume resistivity of modified EP with 1.5 wt.% 

modifier content at 50 Hz with various aging durations. 
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6.4 Summary 

 

In this study, epoxy/amine resin was successfully modified at the molecular level using 

strategies such as incorporating charge traps, adding bulky groups, and promoting 

crosslinking to enhance its dielectric, mechanical, and thermal properties.  

 

Molecular modification offers a simple and effective way to enhance epoxy resin durability 

by directly strengthening its polymer network. Unlike nano/micro filler incorporation, 

which faces challenges such as dispersion issues and interfacial defects, molecular 

modification ensures uniform property improvement without introducing weak points. It is 

also easier to implement, avoiding complex dispersion processes while still enhancing 

mechanical, thermal, and dielectric properties. Additionally, it requires only a low dosage 

of modifiers, reducing costs, and maintains low viscosity, ensuring good processability. 

 

Based on the results from FTIR, dielectric spectroscopy, resistivity, breakdown tests, 

mechanical characterizations, DMA, SEM, and EDX, the following conclusions are drawn: 

 

(1) All modified EP show reduced dielectric constant and loss compared to pure EP, 

primarily due to the introduction of bulky groups and crosslinking effects, minimizing 

dielectric polarization and molecular mobility. ACF is the most effective due to both 

bulky groups and crosslinking potential, followed by MA and AC. 

 

(2) Volume resistivity and dielectric breakdown strength improve significantly in modified 

EPs, with EP-MA achieving 1.1×1015 Ω⋅cm for resistivity and 74 kV/mm for 

breakdown strength. These improvements are due to deep traps formed by functional 

groups and increased crosslink density, hindering charge carrier movement and 

preventing electrical failure. 

 

(3) Mechanical and thermal properties are enhanced, particularly in EP-AC-1.5, which 

shows increased tensile strength (78 MPa), Young's modulus (787 MPa), and Tg 

(140°C). MA and ACF also demonstrate improved tensile strength, modulus, and 
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thermal stability at optimal dosage. 

 

(4) EP-ACF shows reduced water uptake compared to pure EP, due to bulky benzene and 

fluorinated groups that hinder water diffusion, making it suitable for humid 

environments. 

 

(5) FTIR confirms the structural modification, with bulky groups and crosslinking sites to 

enhance dielectric, mechanical and thermal properties and polar groups to form charge 

traps, improving dielectric durability. SEM and EDX confirm homogeneous 

distribution.  

 

(6) Optimizing modifier dosage is crucial for achieving desired properties. The uniform 

distribution and effectiveness of these modifications make the properties highly 

sensitive to modifier concentration. The recommended dosages are 0.5 wt.% for MA 

and 1.5 wt.% for AC and ACF. 
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Chapter 7  
 

Conclusions and Recommendations 
 

This chapter summarizes the contributions of this research and provides 

recommendations for future development and improvement. 
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7.1 Conclusions 

 

This thesis investigates the degradation mechanisms and develops strategies to improve the 

durability of epoxy-based insulation materials for high-stress electrical applications. By 

examining the roles of void formation, interfacial bonding in composites, and improvement 

through molecular modifications, this research advance understanding of degradation 

mechanism and offer practical directions for improving epoxy insulation reliability. 

 

The study initially focused on evaluating the impact of voids and thermal aging on pure 

epoxy resin. Voids formed during manufacturing were found to act as stress concentrators 

that accelerate material breakdown, especially under thermal stress. Weibull statistics 

incorporated with defect density parameter quantitively described the impact of aging and 

voids on the mechanical performance, showing that specimens with lower void content 

demonstrated improved resistance, highlighting the importance of void removal or 

minimizing void formation during manufacturing. By improving processing methods to 

reduce void content, the long-term reliability of electrical insulation materials can be 

substantially enhanced, particularly in switchgear components that experience thermal and 

mechanical stresses. The heterogeneous degradation mechanism driven by oxidation 

diffusion from the surface to its core was revealed by chemical investigation, 

compromising mechanical stability over time. These results support the hypothesis that a 

more precise evaluation of void and thermal aging impacts can be achieved by using 

Weibull analysis and accelerated thermal testing. 

 

Further investigation into interfacial defects in epoxy composites focused on filler-matrix 

interactions. By incorporating fillers with different surface wettability, the study assessed 

their impact on the stability of the composites under hygrothermal conditions. It was 

observed that hydrophilic fillers, due to their stronger bonding with the epoxy, provide 

better durability in both mechanical and dielectric properties compared to hydrophobic 

fillers. This highlights the importance of proper filler surface that enhances interfacial 

bonding, which helps mitigate the formation of interfacial defects, thereby enhancing the 

material reliability. In industrial applications, incorporating hydrophilic fillers can lead to 
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more durable composites, especially in environments where moisture and thermal 

resistance are critical, such as in tropical or other extreme conditions. These findings 

confirm the hypothesis that the interfacial defects impact on long-term performance, and 

the current study has deepened the understanding by analyzing the effects of fillers with 

varying degree of surface wetting states. 

 

Additionally, the research explored molecular modifications aimed at strengthening epoxy 

resin at a molecular level, avoiding interfacial defects issue in epoxy composites. By 

introducing polar, bulky groups, and extra crosslinking sites, the study achieved 

simultaneous improvements in dielectric strength, mechanical resilience and thermal 

stability. Importantly, the preparation process for these modifications was both simple and 

efficient, requiring ultra-low dosage (≤ 1.5 wt.%) of modifiers to achieve substantial 

performance gains. The modified epoxy resin displayed a lower dielectric loss and 

enhanced mechanical and dielectric durability, validating the hypothesis that properly 

designed molecular-level modifications can provide substantial improvements. These 

enhancements allow the resins to withstand elevated temperatures, electric fields, and 

environmental stresses, making them ideal for use in power systems. This facile, cost-

effective preparation approach offers a practical, scalable solution for enhancing epoxy 

durability, providing a strong foundation for future material development in demanding 

electrical environments. 

 

While the molecular modification of epoxy resins enhances multiple properties 

simultaneously, its effectiveness may vary depending on the chemical structure of the 

epoxy resin used. For resins that lack the necessary reactive sites, the modifiers may not 

yield optimal results. To overcome this limitation, it is crucial to select the corresponding 

modifier that contains the functional groups required to react with the epoxy resin's specific 

chemical structure. Strategies such as promoting crosslinking, introducing deep traps, and 

adding bulky groups have been confirmed to be effective in improving the properties of 

epoxy resins with appropriate reactive sites. Therefore, understanding the chemical 

structure of the epoxy resin is essential in selecting the right modifier. Future work should 
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focus on developing and testing modifiers that are specifically tailored to different epoxy 

resins, ensuring better compatibility and improved performance. 

 

Overall, this thesis enhances the understanding of degradation mechanisms in epoxy-based 

insulation materials and presents strategies to improve their durability, offering practical 

recommendations for the electrical industry. Through targeted experiments and analyses, 

the findings validate the initial hypotheses and provide valuable insights for future material 

design, aligning closely with the original aim of improving the durability and reliability of 

epoxy-based insulation materials. 
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7.2 Future Work 

 

Building on the findings and contributions of this research, several opportunities for future 

work are identified. These recommendations aim to further enhance the performance, 

durability, and application range of epoxy-based insulation materials in demanding 

electrical environments. 

 

1) Self-Healing Strategies in Insulating Materials 

 

Recently, the self-healing strategy for dielectric damage is also reported. Microcapsules 

containing UV-sensitive healing agent, which flows into tree channels and are cured by the 

electroluminescence from electrical treeing, were dispersed in the polymer matrix to obtain 

the self-healing ability, as shown in Figure 7.1 [43]. Moreover, the capsules can be 

magnetically directed to the high-failure probability region, reducing the concentration of 

the capsules, as shown in Figure 7.2. While these strategies demonstrate healing potential, 

they present challenges, such as disruption to the polymer structure and interfacial defects 

introduced by the microcapsules, which can weaken overall performance, particularly over 

the long term. Therefore, further investigation in this area is essential, with a focus on 

addressing interfacial issues and developing novel strategies to mitigate these limitations. 
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Figure 7.1 Design of the Healing Strategy and Preparation of the Microcapsules [43]. Open 

access, no permission is required. 

 

 
Figure 7.2 Schematic of Magnetically Targeted Self-Healing. Reprinted with permission from 

[268]. 
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2) Simultaneous Improvement in Thermal Conductivity and Dielectric Breakdown 

 

To satisfy the requirement of the emerging power system with high densification, the 

improvement in the dielectric and thermal performance of polymeric insulating materials 

is still urgent. However, the improvement of thermal conductivity is always accompanied 

by the loss of electrical insulation ability. A significant challenge is to improve the 

dielectric ability and thermal conductivity of polymer insulations simultaneously [150].  

 

Wang et al. prepared an epoxy composite with 200 nm Al2O3 microsphere(A) and 1 μm 

BN nanosheet (B), as shown in Figure 7.3 [269]. At low loading of fillers, A6+B2(epoxy 

resin with 6 %wt. Al2O3 and 2 %wt. BN) shows 3 times increase in thermal conductivity, 

low dielectric loss (0.022, while neat epoxy resin EP is 0.05), higher Tg than neat EP and 

maintains a close dielectric breakdown strength compared to neat epoxy resin. Other 

strategies introducing magnetic directed fillers achieve the simultaneous improvement at 

specific directions. Ruan et al. proposed a 2d ordinal filler structure by doping Fe3O4 on 

BN microparticles (plate) and applying a rotating magnetic field during curing, as shown 

in Figure 7.4[270]. The dielectric breakdown strength of the composite is improved to 127% 

of BN/EP and 118% of neat epoxy resin. The researchers reported that large current density 

was mainly concentrated in the region of BN bridging along the electric field direction. 

And there is no need to reach the completely ideal tiling, which can reduce the amount of 

Fe3O4 used and minimize the impact of adding Fe3O4. This strategy improves the thermal 

conductivity and dielectric breakdown strength simultaneously in specific directions. 

While this strategy enhances thermal conductivity and dielectric breakdown strength 

directionally, further research is needed to achieve simultaneous improvements in multiple 

directions, as well as simplify preparation procedure and reduce costs. 
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Figure 7.3 Thermal conductive network and hindrance to electrical tree [269]. Open access, no 

permission is required. 

 

 
Figure 7.4 (a) Scheme of model settings. (b) The variation of max electric field and max charge 

density (in resin matrix) as a function of deflection angle θ. (c) Current density distributions for 

models in 90, 45 and 0°deflection angles (the upper side view, the lower the vertical view) [270]. 

No permission is required for thesis purposes. 
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