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ABSTRACT 

 

UNIVERSITY OF SOUTHAMPTON 

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING 

Electronics and Computer Science 

Doctor of Philosophy 

Surface Fluorinated Epoxy Resin for High Voltage DC Applications 

by Azwadi Mohamad 

Charge build up under high voltage DC is a significant concern in the transmission system as its 

presence may distort the local electric field. By chemically treat polymeric insulation via direct-

fluorination, and plasma enhanced fluorination process, the charge transport characteristics of the 

material can be modified. In doing so, excellent surface properties similar to those of 

fluoropolymers can be attained without compromising the bulk properties of the original polymeric 

insulation. The change in chemical components at the surface of polymeric insulation should lead to 

a corresponding change in dielectric properties at the surface and consequently may suppress the 

occurrences of charge build up. In this research, epoxy resin samples with various surface 

fluorinating conditions were formulated and treated. The samples then were characterised by SEM 

and EDX analysis, Raman spectroscopy, and DC surface conductivity measurements. To further 

explain the effects of fluorination treatment, modelling of the electric field and current density 

distribution had been carried out. Surface potential decay tests from corona discharge, as well as 

PEA measurements, show that there is a significant change in decay characteristics with the 

introduction of surface fluorinated layer. The decay mechanisms responsible for the observed 

phenomena were thoroughly discussed. The effect of moisture absorption on the treated surface was 

studied and proved to be the limiting factor in the improvement of dielectric properties of 

fluorination treatment. Finally, surface DC flashover test using a pair of finger electrodes were 

performed. This research proved that the introduction of the fluorinated surface layer on epoxy 

resins does play a major role in improving the surface dielectric properties for the use as insulation 

spacer in high voltage DC GIS systems.  
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1 CHAPTER ONE: INTRODUCTION 

1.1 BACKGROUND PROBLEMS 

Electrification started in the middle of the 19th century where the power generation and 

consumers are placed near to one another. At that time, generators were powered by water 

wheel from the river with voltages about 100 V transmitted using DC mode [1]. In these 

early times, arguments of DC against AC transmission started to take place which led to 

two main front-runners; Tesla and Edison. Tesla favoured AC transmission as it is easy for 

switching purposes, plus, the ease of converting to another voltage level while Edison 

favoured DC transmission because of its high efficiency and low transmission losses. We 

know today that Tesla position won the argument that led to the wide usage of AC 

transmission nowadays.  

 

With the advancements in new AC technology, higher operating voltages were achieved as 

well as improvement in reliability of circuit breakers and switches. The discovery of an 

artificial gas of sulphur hexafluoride (SF₆) that has excellent insulating properties paved 

the way for the first generation of gas insulated switchgears (GIS) which was initially 

designed in the early 1920s [1, 2]. A typical GIS consists of high voltage components such 

as conductors, circuit-breakers, and disconnectors inside a compact metal encapsulation. 

Insulating spacers, usually made from cast epoxy are used to hold these components in 

place due to its strong mechanical strength and good dielectric properties. The intersection 

of the metal conductor, insulating spacer and insulating gas is called the ‘triple junction’ 

and is of a high interest in this research due to its role in charge injection. In the 1960s, 

experimental works were done using SF₆ in enclosed aluminium compartment under high 

voltage AC or DC, and, since then, it was regarded as the best arc quenching solution for 

high voltage power transmission. In comparison with GIS, its predecessor, the air insulated 

switchgears (AIS) which is bigger in size due to poor the dielectric strength of air, suffers 

inconsistency in the dielectric capability of air to withstand ever changing ambient 

surroundings and deterioration of exposed components due to oxidisation and the corrosive 
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nature of the environment [2]. Hence, switchgears that are kept inside a metal enclosure, as 

illustrated in Figure 1-1, as in the case of GIS. This is indeed a simple yet effective solution 

to the inconsistency problems of the AIS. With further development in this area, the world 

of electric power transmission has seen a great service from GIS, particularly in the AC 

transmission mode.   

 

 

Figure 1-1: Components inside GIS and locations of triple junctions as shown by the red circles [1] 

 

The DC transmission, on the other hand, has had many difficulties in the dielectric stability 

of the insulating system due to its invariant direction as opposed to AC system [1, 3, 4]. 

Some physical phenomena like space charge in the bulk and on the surface of the insulator 

were not fully understood then. Space charges are the trapped charge carriers in the 
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insulator from electrons and/or ions that have been associated with many undesired 

consequences such as electrical ageing or degradation. Nevertheless, due to the nature of 

DC transmission, which possesses high efficiency and low transmission losses, there has 

been a resurgence of interests in high voltage DC transmission. Studies in this area have 

revealed an unforeseen behaviour concerning the electric stresses at the triple junction of 

conductor-spacer-gas interface (as illustrated in Figure 1-1) during prolonged DC stress [5, 

6]. The static surface charge caused by prolonged DC stress is believed to cause a 

significant drop in spacer DC flashover voltage, a phenomenon not seen in AC or short-

term stress. A large amount of space charge started to accumulate along the surface of cast 

epoxy spacers with prolonged DC stress, which may distort the local electric field. A study 

done by Fujinami et al. listed three possible factors for this phenomenon [7]; (i) micro 

discharge or field emission from surface projections, (ii) motion of dust particles, and (iii) 

natural ionisation of SF₆ gas in a prolonged time range. To overcome the charging 

problem, they proposed the design of anti-charging spacer profile which has no normal 

field component on the surface. In a similar study done by Hama et al. [8], they implied 

that the accumulation of surface charges on solid insulators inside of a GIS may come from 

the residual DC voltages on high-voltage conductors, localised field concentration, and 

field emissions. They further stressed that there are two theories that govern the mechanism 

of charging. The first theory suggests that the charge may be caused by inhomogeneous 

surface conductions of the insulating spacer as its conductivity is highly dependent on the 

electric field value along the surface. Positive and negative charges can move in the 

opposite directions subject to the electric field distribution under the DC voltage. The 

second theory being that charge carriers are produced by field emissions or micro 

discharges at highly stressed parts of the spacer surface and the electrode. The charge 

carriers can move along the electric lines of force and accumulate at the end of the lines if 

they are on an insulating spacer. They also concluded that the instant the DC voltage is 

applied to GIS, the electric field distribution of the electrode system is dominated by a 

capacitive field, which then will become a resistive field after a certain operating 

transmission time Ƭ௧  given by the following equation: 
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Ƭ௧ = .ܥ ܴ =  Ɛ
ܵ
ݐ

 . ߩ
ݐ
ܵ

=  Ɛ˳ . Ɛ௦ .  ߩ

 

( 1-1 ) 

 
where Ɛ˳ , Ɛ௦ , and ρ are the permittivity of a vacuum, the relative permittivity of the 

insulator, and the volume resistivity of insulator respectively. Typically, the value for 

transmission time Ƭ௧ is of several hours and, for this reason, the insulation system should be 

designed for a resistive electric field. 

 

In another study conducted by Nakanishi et al. [9], they stated that heterocharges that 

accumulate on the spacer surface at the time of abrupt polarity reversal reduce the flashover 

voltage along the spacer surface. On top of that, Okabe et al. [10] reported that charges on 

the spacer model may have opposite or same polarity depending on the ratio of the 

insulating gas resistance and spacer resistance. They further concluded three kinds of 

surface charging mechanisms; (i) volume conduction, (ii) surface conduction, and (iii) 

electric field emission that were characterised in term of a time constant, applied voltage 

and charge distribution. In short, the occurrence of surface charging on an insulating spacer 

is among the critical parameters that define the electrical strength of high voltage DC GIS. 

Charges deposited on the surface of cast epoxy spacer may eventually distort the local 

field, especially during DC polarity reversal and in the worst case can lead to premature 

failure of the insulating spacer inside GIS.  

 

1.2 MOTIVATION 

Looking inside the metal enclosure of GIS as illustrated in Figure 1-1, it can be seen that a 

structurally strong cast epoxy resin is used as insulating spacers that firmly holds the 

central conductor in place. In fact, epoxy resin is one of the most widely used groups of 

epoxide polymer and has been extensively used for decades as insulation in high voltage 

transmission system due to its excellent mechanical and dielectric properties. As excellent 

as it may be, this insulation material does suffer from bulk and surface charging when used 

as an insulating spacer in GIS, particularly in DC applications. To date, a large number of 
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papers have been published to get a better understanding and control of surface charging 

under high voltage stress [11, 12]. These studies involve various modifications and 

treatments of epoxy resin, which may lead to the suppression of space charge 

accumulation. For example, a recent research has found that the functionally graded 

material reduces the electric field up to 11 % on the electrode and spacer interface under 

AC applications [13]. Another example was the work done by Li et al. [14], in which, 

inorganic A-B-A insulator system of Mo/Al₂O₃ cermet - Al₂O₃ ceramic – Mo/Al₂O₃ 

cermet was adopted. This system can improve the DC and impulse surface flashover 

voltage by 52 % and 86 % respectively in a vacuum environment.  

 

As mentioned earlier, because the conductor-spacer-gas triple junction interface in high 

voltage DC GIS is most susceptible to flashover as it is the headstream of charge injection 

[15], its significance has been highlighted in controlling charge accumulation along the 

surface of cast epoxy spacers under prolonged AC or DC stress. A key aspect of surface 

charge accumulation is thought to involve the interface of the conductor, spacer surface and 

insulating gas. Therefore, a suitable modification in one of these three areas is believed to 

have significant effects on suppressing charge accumulation on the spacer surface, and so 

limiting the flashover occurrences inside GIS. More recently, a semi-conductive coating for 

the solid insulator has been proposed as an alternative method to prevent the occurrences of 

charge accumulation [8, 16]. Despite having a mix outcomes in the validity of using the 

semi-conductive coating in numerical calculation results [3, 16], experimental work has 

shown that such semi-conductive coatings may reduce charge accumulation on the 

insulators and enhance the flashover performances [8, 17, 18]. On top of that, laboratory 

work done by Jia et al. [19] on the insulation made from different insulating materials of 

higher surface conductivity shows that such insulation has an improved surface flashover 

voltage. 

 

Extensive works from fundamental researches to industrial applications have been done to 

minimise and suppress surface charge accumulation. The work involves optimisation of the 

design of insulating spacer profile, reduction of the micro-protrusions on the electrode 
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surface and the electric field at the conductor-spacer-gas triple junction, as well as by 

cleaning up the environment inside GIS. Still it is inevitable to prevent the space charges 

from reaching the insulating spacer. Alternatively, a designed increase in surface 

conductivity of the insulating spacer, without compromising the bulk insulation properties, 

would allow the charge arriving on the insulating surface to be dispersed along the surface, 

and, consequently, results in the suppression of the surface charge accumulation. Therefore, 

surface treatment of insulating spacers by a semi-conducting coating is often considered as 

a smart solution to prevent the surface charging problem in GIS.  

 

The studies to date tend to focus on the modifications of bulk polymeric insulation, which 

lead to changes in the whole properties of the bulk including the surface layer and its 

interface properties with the electrode. However, far too little attention has been given to 

modifications limited to surface properties alone by directly treating the surface layer of 

polymeric insulation. The main idea of this research is to chemically treat the surface of 

polymeric insulation, and, consequently, modify the charge transport characteristics of the 

subjected material via fluorination process, i.e. treatment of polymeric materials with 

fluorine or fluorine-inert gas (nitrogen, helium, etc.) mixtures. This chemical treatment 

process has been well developed from fundamental concepts to industrial work, and is 

amongst the most effective approaches to improving materials in term of barrier properties, 

separation properties, thermal and chemical stability, as well as biocompatibility [20-22].  

 

It is interesting to note that, through surface-fluorination treatment, excellent surface 

properties similar to those of fluoropolymers can be achieved without compromising the 

bulk characteristics of the pristine polymeric insulation. The practical use of fluoropolymer 

material, however, is restricted due to their high cost and complexity of synthesis. The 

studies and applications of surface-fluorination process so far are mostly concentrated on 

improving properties with regards to wettability, adhesion, chemical stability, barrier 

properties, biocompatibility, and grafting [23]. There has been far too little attention given 

to the development of dielectric properties. In truth, the modifications in the chemical 
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components of polymeric insulation should also lead to corresponding modifications in 

dielectric properties as well [24]. 

 

1.3 OBJECTIVE AND SCOPES 

The subject of epoxy resin undergoing surface modification through surface-fluorination 

process has become increasingly important as this chemical treatment should have shown 

improvement in chemical and dielectric properties in polymeric insulation. Therefore, the 

main objectives and scopes of this research are; 

 

1. To prepare and characterise fluorinated epoxy samples for high voltage application. 

The samples prepared and used throughout this project will be formulated from 

Diglycidyl ether of Bisphenol-A (DGEBA) epoxy resin (Araldite LY556) which is 

used for high-performance composite parts. The epoxy resin samples will be 

prepared in Chemical Preparation Room of Tony Davies High Voltage Laboratory 

and will be sent away to undergo direct-fluorination treatment in Tongji University, 

China. Another set of cast epoxy resin will be sent to Laboratory of Plasma Physics 

and Materials, Beijing for undergoing plasma-enhanced fluorination treatment. The 

samples then will be subjected to a series of characterisation tests, including 

scanning electron microscopy (SEM), energy dispersive X-ray (EDX) and Raman 

spectroscopy. 

 

2. Simulation work on the electric potential and current density distribution will be 

carried out to help in the design of an insulating spacer in high voltage DC GIS 

systems. The simulation will denote the influence of various degrees of fluorination 

treatment in the outcome of the electric field and current density distribution.  

 

3. The dielectric performance of various degrees of direct-fluorination and plasma-

enhanced-fluorination condition will then be explored. Previous experimental work 

on fluorinated polymeric insulation shows favourable improvements in dielectric 

performance. Such improvement is to be anticipated in the case of the surface-
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fluorinated epoxy resin samples. The samples will be subjected to a series of test 

including surface potential decay measurement, as well as space charge analysis 

using the PEA method to explain the dynamics of charge movement. The treated 

samples will also undergo DC surface flashover test using finger electrode system 

to see the anticipated improvement in surface flashover strength.  

 

1.4 THESIS OUTLINE 

 

Chapter 1  

This chapter provides a basic introduction to HV GIS including the basic components 

inside GIS, as well as the background problems concerning DC GIS. 

Chapter 2  

This chapter tells the information regarding epoxy resin, the chemical composition, the 

curing process, as well as the direct-fluorination and plasma-enhanced-fluorination 

treatment. It also contains the theories behind all the experimental techniques used in this 

research.  

Chapter 3  

This chapter covers the details on the epoxy used throughout this project, as well as the 

detailed steps to formulate the fluorinated epoxy samples. 

Chapter 4  

This chapter describes the characterisation tests used, including SEM, EDX, Raman 

spectroscopy and surface DC conductivity test.  
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Chapter 5  

This chapter investigates the charge transport theory by surface potential decay 

measurement and space charge analysis using the PEA method to explain the dynamics of 

space charge inside the fluorinated samples.  

Chapter 6 

The influence of surface moisture towards the dielectric performances of surface-

fluorinated epoxy resins is investigated by drying the epoxy samples in vacuum-oven and 

nitrogen chamber. 

Chapter 7 

DC surface flashover test using a pair of finger electrodes is performed and discussed in 

this chapter. The model of the electrode system was also developed using COMSOL 

Multiphysics software for potential distribution and current simulation. 

Chapter 8 

This chapter investigates the alternative surface treatment, the plasma-enhanced-

fluorination treatment on epoxy resin samples by repeating the key experimental 

procedures.  

Chapter 9 

This last chapter summarises the entire findings from this research and draws conclusions 

and suggestions for future works. 
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2 CHAPTER TWO: MATERIALS AND EXPERIMENTAL 

TECHNIQUES 
 

This chapter intends to outline the basic concepts of the material properties, and the 

experimental techniques involved in this research. 

 

2.1 THE CONCEPT OF EPOXY RESIN 

Epoxy resins are classified under epoxy oligomer group. They can react with curing agent 

or hardener to form a three-dimensional net structure of the thermosetting plastic. The 

epoxy resin has excellent adhesiveness, low contraction percentage, easy to shape, good 

chemical/heat resistance, as well as outstanding mechanical and dielectric properties [25]. 

Most importantly, all of these features come at a very low cost. Interestingly, there are 

many combinations of epoxy with curing agent/hardener that can be selected to yield 

different properties.  

 

Because of its properties, epoxy resin based materials are used extensively in the industries 

from basic structural adhesives to structural matrix material in aerospace applications. 

Epoxy resins also possess excellent dielectric properties that are crucial in preventing the 

occurrences of short circuit and, therefore, they have become one of the most popular 

thermosetting resins in high voltage applications. For example, cast epoxy resins are 

successfully used in motors, transformers, switchgear, bushings and insulators.  

  

2.2 DEFINITIONS AND CLASSIFICATION OF EPOXY RESIN 

Epoxy resins are network-structured thermosets that evolve through crosslinking reactions. 

It is formed by a ring that consists of two carbon atoms and one oxygen atom. A compound 
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that has such ring structure is called epoxide. The simplest structure of epoxide compound 

is called ethylene epoxide as illustrated in Figure 2-1. Ethylene epoxide can be transformed 

into polyethylene oxide through the ionic polymerisation process [26]. Epoxy resin 

contains two or more epoxy groups in its molecular structure and may form a solid three-

dimensional net structure under suitable chemical reaction. The chemical reactions that 

occur during the polymerisation process are associated with phenomenological changes, 

such as macroscopic gelation and vitrification. 

 

Figure 2-1: A representation of molecular structure of ethylene epoxide, the simplest structure of 
epoxide compound 

 

Basically, there are two types of epoxy resins based on the synthesis method; (i) glycidyl 

epoxy resin and (ii) non-glycidyl epoxy resin [27]. The former is produced by a 

condensation reaction of dihydroxy compound, dibasic/diamine acid and epichlorohydrin 

while the latter is produced by peroxidation of the olefinic double bond. Glycidyl ester 

resin, glycidyl ether resin, and glycidyl amine resin are classified under glycidyl resins. 

Meanwhile, alicyclic epoxy resin and alipthatic epoxy resin are classified under non-

glycidyl epoxy resins. 
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Figure 2-2: A representation of molecular structure of DGEBA. It contains active epoxy groups in 
its molecular structure. 

 

Furthermore, under glycidyl ether epoxy resin, there are two groups namely (i) Diglycidyl 

ether of Bisphenol-A (DGEBA) and (ii) novalac epoxy resin [28]. DGEBA epoxy resin is 

formed from the reaction between epichlorohydrin and Bisphenol-A. It contains active 

epoxy groups in its molecular structure (as illustrated in Figure 2-2) and, therefore, can 

perform crosslinking reactions with hardeners to form a three-dimensional cross-linked net 

of polymer. As for novalac epoxy resin, it is formed from the reaction between phenolic 

novolac resin and epichlorohydrin. Novolac epoxy resin contains more than two epoxy 

groups in its molecular structure as illustrated in Figure 2-3. The cured systems have larger 

cross-linking density, better thermal stability, mechanical and dielectric properties, as well 

as water and corrosion resistance.  

 

Figure 2-3: A representation of molecular structure of novalac epoxy resin. It contains more than 
two epoxy groups in its molecular structure 
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2.3 CURING OF EPOXY RESIN 

Epoxy resin in its original form is just a high viscosity clear liquid of very little use. It 

needs to go through a curing process to form a three-dimensional crosslinking network. 

This curing process is a reaction between the epoxy groups with the curing agent/hardener 

to produce a solid material, which has high mechanical strength, as well as chemical and 

thermal stability. The Bisphenol-A type epoxy resin, for instance, is thermally stable even 

at a temperature as high as 200 ºC. 

 

Curing of epoxy resin involves the conversion of a low-molecular-weight liquid to an 

amorphous network of macroscopic molecules. The outcome of the curing process is 

determined by the chemical change and the curing temperature. The curing process is 

associated with exothermic chemical reactions and consequent chemo-rheological 

conversions. With thermal activation, the viscosity of the mixture drops at first, and the 

monomers are ready to react with one another to produce oligomers. As the curing process 

resume, the length of molecular chains and the degree of crosslinking and branching 

increases. This chemical process leads to a surge in the molecular weight as well as in 

viscosity value. The produced microgel particles are distributed in the low-molecular-

weight phase, also known as the ‘continuous phase’. More molecular chains will link 

together until the microgels are fully established in the continuous phase. The original 

phase of low-molecular-weight particles is trapped in the matrix of this new phase. At this 

instance, a continuous 3D network is produced and is called ‘gelation’ [29, 30]. It is a 

change from a highly viscous liquid to an elastic gel or rubber that is no longer reversible. 

The gelation point is defined as the point at which the viscosity approaches infinity, and a 

mechanical modulus is produced as illustrated in Figure 2-4 [31]. 
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Figure 2-4: A plot of macroscopic development of network formation. The gelation point is defined 
as the point at which the viscosity approaches infinity, and a mechanical modulus is produced. 

 

Gelation point is a significant parameter of epoxy in regards of processability. It is the 

starting point for the formation of a cross-linked network. Before gelation point, the system 

is mobile, however, beyond this point, the material loses its ability to flow due to the surge 

in viscosity. At the same time, its microstructure becomes permanent, and its self-diffusion 

is radically limited. A study done by O’Brien et al. [32] stated that small changes in the 

curing process can cause significant effects on relaxation, especially near the gelation point. 

As the material approached gelation point, the relaxation is considerably slowed down. As 

the curing process goes beyond the gelation point, the mixture reaction continues to form a 

fully cured 3D network with high cross-linking density and high glass transition 

temperature  ௚ܶ . The glass transition temperature ௚ܶ occurs during the transformation in 

which an amorphous thermoset is changed from the glassy state to a rubbery state with the 

characteristics of rubber or a highly viscous liquid. Figure 2-5 shows the curing process of 

a thermoset from an uncured phase to a fully cured phase. 

 

In theory, during the curing process, the glass transition temperature ௚ܶ  of the reacting 

system increases from the initial value ௚ܶ₀ of the uncured monomer mixture to the fully 
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cured value ௚ܶஶ. Vitrification is the transition from a liquid/rubbery state into a glassy state 

when ௚ܶ increases from under the curing temperature ( ௖ܶ௨௥௘) to ௖ܶ௨௥௘, i.e. ௚ܶ = ௖ܶ௨௥௘ [33-

35]. At this point, the mobility of the reactive groups is restricted due to the drop in free 

volume and, therefore, the rate of reaction decreases drastically. Chemical reactions in the 

region near vitrification become diffusion and/or mobility controlled [34, 36]. Because of 

the restriction of diffusion, the final conversion is usually lower than unity. Even without 

any diffusion restrictions, topological limitations can reduce the eventual conversion since 

the remaining reactive groups cannot meet and react with one another [37]. The 

vitrification phase is reversible by heating to devitrify the partially cured resin. Then, 

chemical control of the curing process can be re-enacted. Hence, it is usually necessary to 

increase the temperature after vitrification to complete the curing process, i.e. a post-cure at 

an elevated temperature is usually required. 

 

 

Figure 2-5: The curing process of a thermoset. (a) Uncured state (b) Gelation point (c) Vitrification 
(d) Fully cured state [38]. 
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Typically, epoxy resins are known to have high reactivity and due to this fact, they are able 

to be cured with curing agent/hardener under suitable conditions. However, different epoxy 

resins may have different curing conditions. Some are cured at low or room temperature, 

and some need to be cured under high temperature. The properties of cured products are, to 

a certain degree, influenced by the curing agent/hardener used. Because of this, it is equally 

important to choose a suitable curing agent/hardener for each application. Alternatively, the 

curing temperature and time can be reduced by adding an accelerator into the mixture. 

 

It is worth to note that there are two types of hardener; (i) addition polymerisation type and 

(ii) catalytic type [39]. As the name suggests, the former can produce addition 

polymerisation reaction with epoxy groups within the mixture, and it is used in large 

quantity. Mixing the right amount of hardener is important as its volume will react with 

epoxy groups during the curing process to form three-dimensional cross-linking network 

structures. If the quantity is inadequate, there is a possibility of non-cured epoxy groups left 

in the mixture, which may result in a system of inferior properties. On the contrary, the 

catalytic type hardener only offers ions of positive or negative charge during the curing 

process. Therefore, the amount used only influences the reaction speed and had no impact 

on the outcome of the properties of the cured product.  

 

Another equally important factor that plays a major role in hardener selection is the curing 

temperature. The increase in curing temperature will also increase the reaction speed as 

typically happened in all chemical reaction process. It is important to note that if the curing 

temperature is too high, the epoxy resin may as well be unevenly heated and possibly yields 

asymmetric cross-linking density inside the mixture [40], which again may result in a 

system of inferior properties. It is clear, therefore, to consider the top limit of curing 

temperature and optimise curing time to get epoxy matrix system with improved overall 

properties. 
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2.4 DIRECT-FLUORINATION PROCESS 

A considerable amount of literature has been published on surface-fluorination process 

starting from fundamental researches to practical industrial applications [41, 42]. These 

studies confirm that the introduction of fluorinated substituents onto polymeric structure is 

a smart approach to improving properties regarding wettability, adhesion, chemical 

stability, barrier properties, biocompatibility, and grafting. Hence, it is considered as one of 

the most effective approaches for chemical modification of polymers. So far, however, 

there has been little discussion regarding the improvement in term of dielectric properties. 

In fact, modifications in chemical components at the surface of polymeric insulation should 

also lead to corresponding modifications in dielectric properties at the surface [43]. 

Therefore, theoretically, such modification can alter the accumulation of space charge 

along the surface of the polymeric materials when they are used as insulating material 

under high voltage DC stress. 

 

There are a couple of approaches to perform this chemical treatment. One of the popular 

surface treatment techniques,  which is being used in this research, is the elemental fluorine 

treatment, or better known as direct-fluorination [44]. The main advantage of this approach 

is the high exothermicity of the main elementary stages. Due to this fact, fluorination 

process can proceed spontaneously in a vacuum chamber or a flow reactor even at low or 

room temperature and do not require initiation, heating or catalysts. The volume of 

functional groups, such as COOH, can be adjusted according to the polymer surface when 

F₂/O₂ mixtures are used. It is a dry process since starting reagents, and the end products are 

gasses and solids only. There are proven safe ways to neutralise unused F₂ and the by-

product HF by converting them into a solid phase. 
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Figure 2-6: A schematic of direct-fluorination treatment; hydrogen atom is substituted by fluorine 
atom and producing by-product HF. 

 

Furthermore, Kharitonov [45] suggested that there are three different techniques to perform 

direct-fluorination treatment. The first of those techniques is (i) normal direct-fluorination 

where hydrogen atoms are substituted by fluorine as illustrated in Figure 2-6, while double 

and conjugated bonds are saturated with fluorine. Cross-linking and destruction of C-C 

bonds take place. The thickness of fluorinated surface layer depends on the fluorine partial 

pressure and treatment duration. Another technique for direct-fluorination is (ii) 

oxyfluorination that subjects treated polymeric materials with fluorine–oxygen gas 

mixtures. Additional >C=O, –C(O)F and –C(O)OH groups are incorporated into the 

polymer structure. The last technique is (iii) an extension of oxyfluorination with the graft 

polymerisation of some monomers with double bonds, e.g. tetrafluoroethylene, 

acrylonitrile, acrylic acid and methyl methacrylate. The surface properties of the modified 

polymer are controlled by the grafted polymer, and there are more chances to change 

surface properties, e.g. from hydrophobic to hydrophilic.  

 

The direct-fluorination process is a heterogeneous reaction between fluorine gas and its 

mixtures with the surface of a polymer. Polymeric objects of any shape can be treated, and 

only the upper surface layer is modified (~0.01–10 μm in thickness), while the bulk 

properties remain unchanged [46]. In doing so, exceptional surface properties similar to 

fluoropolymers can be achieved without compromising the bulk characteristics of the 

pristine polymeric insulation. It is much easier, cheaper and more convenient to apply 

fluorination treatment on polymers rather than manufacturing fluoropolymers.  
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The introduction of fluorinated groups through the fluorination treatment reduces the 

dielectric constant of epoxy resin because of their small dipole and the low polarisation 

ability of the C-F bond as well as the existence of large free volume [47]. This treatment 

can also improve the resin’s durability in a moist environment and in some cases, reduce 

moisture absorption due to the nonpolar character of fluorocarbon groups, which further 

reduces the dielectric constant.  

 

2.5 PLASMA-ENHANCED TREATMENT 

As an alternative to direct-type fluorination, plasma techniques have been widely used in 

industrial applications for treating or pre-treating surfaces of various materials before any 

coating, printing or adhesion is applied. In most industrial applications, plasma treatment is 

used to remove any foreign contaminants from the surface of a material, thus making it 

more suitable for further treatment [48]. Suitable plasma techniques are used to alter 

material’s surface characteristics such as friction, printability, wettability, adhesion, 

penetrability, biocompatibility, or dye-ability, to adjust them for particular applications [49, 

50]. Based on the plasma setup, fast, clean, environmentally friendly plasma-based 

treatment can introduce surface modifications physically and chemically through numerous 

parallel processes e.g. cross-linking, grafting, etching, and polymerisation. The physical 

and chemical modifications on the surface in most cases happened without any changes to 

the original bulk characteristics [51, 52].  

 

In pre-treatment applications, plasma techniques are used on surfaces before any gluing, 

printing or lacquering could take place. Likewise, materials like glass and ceramics may 

also undergo plasma treatment. Glossy materials tend to lose any coating or printing done 

on their surfaces unless plasma-treated. Typically, industrial oxygen is used in plasma 

treatment as a process gas, thus getting the label ‘Oxygen Plasma’ [53, 54]. On the other 

hand, ambient air from the atmosphere is also used in plasma surface treatments, thus 

known as ‘Atmospheric Plasma’. Subject to the material that is being treated, plasma 

effects for pre-treatment can last from just a few minutes to even months. 
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In order to start a plasma, the breakdown voltage, ௕ܸ , for the gas must be reached. ௕ܸ 

follows the equation [55, 56]; 

௕ܸ =  
.݌) ܤ ݀)

ln [݌)ܣ. ݀) − ln [ln ቀ1 +
1

γ௦௘
ቁ]

 

 
( 2-1 ) 

 
where d is the electrode spacing, p is the pressure, A and B are constants found 

experimentally, and  γ௦௘  is the secondary electron emission coefficient of the cathode. 

According to [57, 58], a small gap is needed to achieve a reasonable ௕ܸ at atmospheric 

pressure. For instance, the ௕ܸ for argon at 1 bar and 5 mm gap is estimated to be 2500 V. 

 

Plasma treatment is performed by channelling compressed gas through two concentric 

electrodes and is subjected to a strong electric field that ionises most of its atoms, as 

illustrated in Figure 2-7. By applying RF power to the inner electrode between 40 – 500 W, 

the gas discharge is ignited [59]. From the small electrode gap, the plasma torches are 

produced from deep within, discharging between the electrodes. The process gas moves 

from the nozzle to stabilise the plasma torch, and a sharp plasma passage is formed 

downstream to interact with the treated material a few millimetres away. In a typical 

operating conditions, the gas velocity is about 12 m s¯¹ with discharge temperature of 150 

˚C [60]. The produced super-ionised-air (i.e. atmospheric plasma) is emitted from the 

nozzle tip and can be used for surface modification or surface cleaning. The charged 

particles from the plasma are responsible for its high electrical conductivity [61, 62]. 

Because plasma consists of electrons, positive ions, UV light along with excited gas 

molecules and atoms, as well as molecules or neutral gas atoms, it provides a high amount 

of internal energy. So when all these ions, atoms and molecules mix and interact with a 

specific surface, plasma treatment is initiated. Therefore, by choosing a set of a gas 

mixture, power, pressure, etc., the effects of plasma treatment on any surface can also be 

specified and precisely tuned. 
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Figure 2-7: A schematic of basic plasma treatment process [63]. A sharp plasma passage is formed 
downstream to interact with the treated material 

 

2.6 SURFACE FLASHOVER MECHANISM 

The occurrences of surface charging inside and on the insulator clearly disturb the local 

field. Therefore, various studies have been carried out to verify the elements on the 

dielectric strength of gas insulated systems that include insulating spacers [64, 65]. The 

insulator material, size, surface condition, contact angle at the triple-junctions, particle 

contamination, surface charging, and various parameters are known to impact the surface 

flashover parameters. Most studies are designed to investigate the importance of some 

parameters for flashover or establish a link between the flashover voltage and the parameter 

under consideration. These studies showed that the flashover is hugely influenced by 

components from the fundamental properties of the dielectric material such as surface 

conductivity and permittivity, as well as non-fundamental components such as metal 

particle contamination, surface defects, and defects at the triple junction interface [66].  

 

It is widely believed that the surface flashover on epoxy spacer inside a GIS is triggered 

either (i) by a micro-discharge at an imperfect contact at the triple junction interface, (ii) by 

a micro-discharge at a defect in the spacer surface, or (iii) by the particle in proximity to the 
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spacer surface [67]. These discharges produce vapours that may have ionisation energies 

below that of the system insulation gas, and they may, as well, inject metastable excited 

species of the insulation gas into the gap region that can affect ionisation growth. These 

discharges also act as a high-field spot and cause intense electron emission and ionisation. 

The resulting charges are trapped in the gas-spacer interface and further distort the local 

field as well as the ionisation process. The flashover path then develops in a way 

comparable to an electrical tree. In a similar study done by Hama et al. [8], they stressed 

that the local field concentration at the interface of the cathode and the spacer within the 

triple junction can generate electrons that will be accelerated by electric field and collide 

with the insulating spacer to produce secondary electrons. These secondary electrons may 

accumulate on the insulator surface which further accelerates additional electron emissions 

that may lead to field distortion and ultimately result in surface flashovers. De Lorenzi et 

al. [68, 69]  stated that the charge injection onto the surface may come from the current driven 

by the normal component of electric field, and/or from the gradient of the flowing current along 

the spacer surface, driven by the tangential component of the field. Dynamic unbalance 

between these two components may result in surface charge accumulation on insulator surface 

that ultimately may lead to surface flashover phenomena. 

 

Interestingly, under AC or impulse voltages, permittivity is another parameter that 

determines the surface flashover strength. An increase in this parameter may upset the 

localised field at the particle on the spacer surface [19]. It will also decrease the applied 

field and, hence, results in the formation of micro-discharges as described earlier. An 

increase in permittivity will also increase the energy in the micro-discharges. 

 

2.7 STATISTICAL ANALYSIS OF DATA 

Electrical surface flashover is an insulation system failure that occurs when a weak link on 

the surface of a polymeric insulation fails. The distributions of surface defects on the 

insulating surface are random, and so do the occurrences of micro-discharges. Therefore, 

each sample may undergo surface flashover at different voltage even though in theory, the 

samples are of the same material undergoing the same treatment. Accordingly, in 
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measuring such random variances, it is necessary to analyse the flashover data using a 

statistical analysis tool. Although some statistical distribution functions can be applied to 

electrical breakdown (e.g. Gumbel and Lognormal distribution [70]), the Weibull 

distribution is the most popular tool used for the analysis of time-to-breakdown from the 

constant-stress voltage tests or breakdown voltage from ramp-stress voltage tests. 

 

In general, the flashover performance of solid insulation system can be described using 

two-parameter Weibull distribution. Assuming that the random breakdown process follows 

the Weibull distribution, the Weibull probability density function F(x) indicates the 

probability of the breakdown phenomenon at an applied field x. The overall probability of 

electrical breakdown of a sample under an applied field less than or equal to x can be 

expressed by the cumulative distribution function:  

(ݔ)ܨ =  න ݑ݀(ݑ)݂ = 1 − exp ቀ−
ݔ
ߙ

ቁ
ఉ

௫

଴

 ( 2-2 ) 

 
 

where the scale parameter, ߙ, represents the breakdown strength at the cumulative failure 

probability of 63.2 %. The shape parameter, β, in a simple term, represents a measure of the 

spread of the breakdown data. The smaller value of β, the larger is the scatter of the 

breakdown data. The value of  also has an influence on the skewness of the distribution. 

When a minimum voltage is anticipated in the breakdown data, below which breakdown is 

not expected to occur, the Weibull distribution can be described by a three-parameter 

estimate. In this case, the probability of electrical breakdown can be expressed by the 

cumulative distribution function [71]:  

(ݔ)ܨ =  න ݑ݀(ݑ)݂ = 1 − exp ቀ−
ݔ − ߛ 

ߙ
ቁ

ఉ
௫

଴

 ( 2-3 ) 
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where the values of x are offset by the value γ, the shift parameter. For comparison, a two-

parameter Weibull distribution applied to electrical breakdown assumes that breakdown is 

possible, though perhaps unlikely, at any value of voltage no matter how low. On the other 

hand, a three-parameter Weibull distribution assumes that there is a minimum voltage γ 

below which breakdown cannot occur. The third parameter of the Weibull distribution, γ, is 

utilised when the data points do not fall on a straight line, but on a concave up or down 

curve.  A general indication that a three-parameter Weibull plot should be used is that if on 

a two-parameter Weibull plot, the points at low failure probabilities fall consistently above 

or below the linear behaviour associated with the points at higher failure probabilities, 

giving the Weibull plot a curved appearance rather than a straight line. 

 

In the plot of failure probability as a function of the breakdown strength, Benard’s 

approximation of median rank [72] is normally used to evaluate the unreliability of each 

failure and provide a 50% confidence interval of the true i th failure among n samples. One 

axis of the graph should be in a non-linear probability of failure scale while the other axis 

should indicate the breakdown strength. The axes are scaled in such way that plotted data 

follows a straight line in the Weibull distribution. When the data are plotted, the data are 

ordered from the smallest to the largest, and a cumulative probability of failure, F(x) has to 

be assigned to each point. One best straight line is drawn through the points using the 

Maximum Likelihood Estimation (MLE) method that gives a better estimation of α and β. 

The cumulative probability of failure, F(x) is estimated using the median rank method 

given by: 

(ݔ)ܨ =  
݅ − 0.3

݉ + 0.4
 

( 2-4 ) 

 
 

where i is the progressive order of failed tests and m is the total number of tests. This 

technique has been recognized to be a good estimation of cumulative failure probability 

and is even more consistent with the acknowledged computational use of the MLE 

technique [73]. An example of a Weibull plot is shown in Figure 2-8. 
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Figure 2-8: Example of Weibull plot using MLE fitted line with 90 % confidence bounds [74] 

 

When applicable, MLE is probably the better choice of methods, because it is presumably 

more efficient. But MLE does not work in all cases, and other estimation methods, such as 

the Least Squares estimation (LSE), are required. This alternative method can be useful in 

cases when maximum likelihood fails, for instance, data that include a threshold parameter. 

In LSE, it is assumed that there is a linear relationship between two variables. Therefore, a 

dataset that constitute a pair (ݔ௜ ௜ݕ ,  were obtained and (௡ݕ ,௡ݔ) ,...,(ଶݕ ,ଶݔ) ,(ଵݕ ,ଵݔ) = (

plotted. The least squares principle minimises the vertical distance between the data points 

and the straight line fitted to the data. To fit a Weibull distribution to the flashover data, 

notice that the CDF for the Weibull can be transformed to log-log representation to give 

[75]: 
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This log-log representation gives a linear relationship between log [-log (1 - F(x))] and log 

(x - γ). Least squares can be used to fit a straight line on the transformed scale using F(x) 

and (x - γ) from the empirical CDF. The slope and intercept of that line lead to estimates of 

α and β. 

 

2.8 THE PULSED ELECTROACOUSTIC TECHNIQUE 

Space charge dynamics plays a key role in the performance of insulating materials and, 

therefore, it is crucial to develop a suitable experiment technique to measure the 

accumulated space charge inside the bulk of the dielectric materials [76]. For this reason, 

there are generally two types of measurement technique being developed. The first of those 

two techniques is destructive techniques, which were first developed in the early 20th 

century, involving the use of powders, a field mill, or an electrostatic probe. As the name 

suggests, using this technique, the dielectric had to be cut into small slices, which may 

disturb the charge distribution. This apparent drawback paved the way for the development 

of the second measurement technique, the non-destructive technique.  

 

The thermal shock method or thermal step method (TSM) was the first non-destructive 

measurement technique in which a flat sample is placed in between two thin electrodes 

[77]. The sample is subjected to a thermal pulse, which will travel as a thermal wave 

through the sample and, therefore, may slightly shift the space charge. At the same time, 

charges on electrodes are also shifted, which in turn produce small voltage and current. The 

movement of the thermal wave can be measured and, therefore, by solving convolution 

formula, the original space charge profile can be determined. This method, however, 

requires costly instrumentations and complex mathematical formula, hence limiting its 
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usage. The pressure wave propagation (PWP) is another non-destructive measurement 

technique that has been widely used [78]. Instead of using the thermal pulses as in TSM, 

this method uses a pressure pulse of very short duration generated from a piezoelectric foil. 

There is no need for solving complex convolution since the pulse is short and, thus, makes 

it easier to use in comparison to TSM method. The laser-induced pressure pulse (LIPP) 

method, on the other hand, uses short laser pulse (<< 1 ns) at one side of the sample that 

causes energy shock on the surface [79]. This shock generates a pulsed acoustic wave that 

travels through the volume of the sample. The theory is similar to PWP, but with a faster 

rise time.  

 

The non-destructive space charge measurement technique used in this study is the PEA 

method. The basic principle of PEA technique is shown schematically in Figure 2-9. This 

technique is based on the principle that, when an electrical pulse is applied to a dielectric 

with stored charges, acoustic pulses are generated by the displacement of each locally 

charged region and propagates through the material. The acoustic wave is sensed by a 

piezoelectric transducer and is translated into a meaningful electrical signal. The use of a 

polymeric piezoelectric transducer is based on its properties, including high levels of piezo 

activity, wide frequency range and dynamic response, low acoustic impedance, etc. [80].  

 

The PEA system used in this study includes the top and bottom electrodes, a dielectric 

sample, a transducer and an acoustic absorber. A pulse source and a DC voltage source are 

connected in parallel to the electrodes. On the application of DC voltage, charges are 

injected into the sample when the field is high enough. The charge distribution in the bulk 

induces surface sheet charges on both electrodes, as a function of distance from the 

electrode. With the application of short electrical pulses across the sample, the charges are 

stimulated by the pulse field to create the pulsed electrostatic forces. These forces generate 

pressure waves that travel as acoustic waves through the sample in both directions. The 

wave travelling downwards will be transmitted to the bottom electrode and then to the 

transducer. Surface charge is induced at the transducer surface from the piezoelectric effect 

[80]. The transducer will translate the surface charge into a meaningful electrical signal. 
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The amplitude obtained is determined by the waveform profile in the time domain as it is 

proportional to the local charge density. The acoustic absorber is needed to absorb the 

acoustic wave, so that the reflection of the acoustic wave is filtered, which otherwise would 

cause interference and distortion to the signal. The signal is then amplified and is fed to an 

oscilloscope for further analysis. 

 

Figure 2-9: A schematic of basic principle of PEA method [81]. Surface charge is induced at the 
transducer surface from the piezoelectric effect. The transducer will translate the surface charge into 
a meaningful electrical signal 

 

Meanwhile, the wave that travels upwards will be transmitted to the top electrode and then 

to the interface, where it will be reflected down and back into the system. This wave will 

reach the transducer at a later time without overlapping with the other wave [81]. Due to 

the simple design, ease of usage and low cost, the PEA method has been widely used in the 

study of space charge dynamics in dielectric materials.  

 

2.9 RAMAN MICROPROBE SPECTROSCOPY 

The foundation of Raman spectroscopy started in the early 20th century when the scattering 

of monochromatic radiation with a change of frequency was anticipated in theory by A. 



29 

 

Smekal [82]. The scattering of light by different means had long been investigated by 

Rayleigh in 1871, Einstein in 1910 and others. However, no major variation of wavelength 

had been detected. With this in mind, many researchers were looking into the idea of 

inelastic scattering, which was first reported by Raman in 1928 [83], a discovery that led 

him to the Nobel Prize in Physics. This discovery used monochromatised sunlight as a light 

source and the human eye as a detector. Raman instrumentation was further developed 

(based around arc lamps and photographic plates) and soon became very popular in 1950's 

and onwards. From then on, Raman instrumentation has transformed to a great height and 

modern instrumentation typically consists of a laser source, a detector, objective lens, 

Rayleigh filter, and a spectrograph. 

 

In principle, Raman spectroscopy involves using a monochromatic light source (e.g. laser) 

to excite molecules in a material into vibration. These vibrations are associated with a 

specific molecule, and although most of the light is scattered back elastically, some of it is 

scattered back inelastically. This change in energy is unique for each molecule and, hence, 

provides a unique trait of the molecular composition of the material [84]. During this 

process, energy is exchanged between the photon and the molecule in a way that the 

scattered photon is of higher or lower energy than the incident photon. The difference in 

energy is made up by a change in the vibrational and rotational energy of the molecule and 

provides information on its energy levels. Stokes radiation happened at lower energy, i.e. 

longer wavelength when compared to Rayleigh radiation. On the other hand, anti-Stokes 

radiation possesses higher energy. The energy decrease or increase is associated with the 

vibrational energy levels in the ground electronic state of the molecule. In other words, the 

observed Raman shift of the Stokes and anti-Stokes radiation are a direct measure of the 

vibrational energies of the molecule. A schematic of Raman spectrum may appear as shown 

in Figure 2-10. As the energy level of the photons are connected to their original state of 

the material, this results in spectral peaks with higher intensity. For this reason, it is the 

Stokes region of the spectrum that is usually applied in Raman spectroscopy. 
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Figure 2-10: A schematic of the energy level of Raman spectrum; Rayleigh, Stokes and anti-Stokes 
[85]. Stokes region of the spectrum that is usually applied in Raman spectroscopy. 

 

From the beginning, much of the theoretical and experimental work in Raman spectroscopy 

focused on the fundamentals of inelastic scattering and its application to understanding 

molecular structure. However, as the time passed, Raman spectroscopy became ever more 

significant for the advancement in chemical measurements. Undoubtedly, Raman 

spectroscopy has a big contribution to the field of analytical chemistry as a whole, not only 

because of the impact of the technique itself, but also because its development anticipated a 

revolution in the way analytical measurements were to be made. The revolution was the 

insertion of powerful physical methods into a discipline that had been primarily pure 

chemistry. 

 

Among Raman instrumentations, a research grade optical microscope is used together with 

the excitation laser and the spectrometer, in order to obtain both conventional images and 

to generate Raman spectrum from the sample areas approaching the diffraction limit (~1 

µm). One advance feature of Raman microprobe spectroscopy is the confocal mode. 

Confocal mode involves placing a pinhole at the back focal plane of the objective lens. In 

doing so, photons coming from areas of the sample that are remote from the focal plane are 

strongly rejected, as illustrated in Figure 2-11. Therefore, analysis of specific layers within 

a material and depth profiling through a sample can be accomplished [86].  
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Figure 2-11: A schematic showing the optical arrangement in the confocal microscope. Only in-
focus light rays pass through a confocal pinhole [87] 

 

2.10 SCANNING ELECTRON MICROSCOPY 

One big concern with a conventional optical microscope is the poor image resolution due to 

the limited wavelengths of light (~500 nm). With the advancement in scope technology, 

Max Knoll [88] was able to observe the surface of a sample at nano-scale using scanning 

electron microscopy (SEM) in 1935. Since then, SEM has been used extensively to 

investigate the morphology of the material under study. In theory, the wavelength of 

electrons in SEM is shorter than that of visible light, leading to much-improved resolution 

as compared to the conventional microscope. The equation of wavelength λ of an electron 

with the accelerating voltage, V, is given by; 

ߣ =
ℎ

√2ܸ݉݁
 ( 2-6 ) 

 

 

where h is the Planck constant, m is the mass of an electron (9.109 x 10-31 kg), and e is the 

electron charge (1.602 x 10-19 C).  
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The SEM main components are kept in a vacuum chamber to avoid collisions with gas 

particles during operation as illustrated in Figure 2-12. An electron beam from a tungsten-

filament electron gun is accelerated through a potential difference of 5-30 kV. The beam 

passes through an optical system containing a condenser lens and an objective lens, as well 

as an adjustable aperture, through which the high-angle electrons of the beam are 

eradicated. The condenser lens is used to produce a thin coherent beam while objective lens 

is used to focus the beam onto the sample. The electron beam is projected onto the surface, 

and the resulted electrons are captured by the two detectors. The signal from the detector is 

then electronically amplified and sent to a viewing monitor [89].  

 

 

Figure 2-12: A schematic of Scanning Electron Microscope [90]. The electron beam is projected 
onto the surface, and the resulted electrons are captured by the detectors. 
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The type of signals produced by SEM includes secondary electrons and back-scattered 

electron. The secondary electron is formed by inelastic collisions, resulting in the emission 

of low energy secondary electrons in the range of 10-50 eV [91]. These low energy 

electrons can only escape from areas near the surface of the sample. On the other hand, 

back-scattered electrons possess higher energy level, which is released from the deep layer 

within the sample, as well as from the surface due to elastic back-scattering.  

 

2.11 ENERGY-DISPERSIVE X-RAY SPECTROSCOPY 

In SEM, once a projected beam of electrons hits atoms on the top of a tested material, 

secondary and backscattered electrons are released from the surface of the material. Upon 

the release of secondary electrons, the collision leaves thousands of the sample’s atoms 

with holes in the electron shells where the secondary electrons used to be. If the ‘holes’ are 

in inner shells, the atoms are not in a stable state. To stabilise the system, electrons from 

outer shells will drop into the inner shells. Since the outer shells are at a higher energy 

level, for this to happen, the atom must lose some energy. It does so by releasing X-rays 

energy. 

 

Figure 2-13: Examples of X-rays energy being released from electron shells. When an electron 
from the inner shell is substituted by an electron from the outer shell, X-ray energy is released from 
the material.  
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The X-rays produced from the sample atoms are unique in energy and wavelength to the 

element of the parent atom, as well as the exact shells that lost those electrons and the exact 

shells that replaced them. For example in Figure 2-13 for iron (Fe) atom, when the electron 

in the inner-K shell is substituted by an electron from the middle-L shell, a 6400 eV Kα X-

ray is released from the material. When the electron from the inner-K shell is substituted by 

an electron from the outer-M shell, a 7057 eV Kβ X-ray is released from the material. So 

when an electron from the middle-L shell is substituted by an electron from the outer-M 

shell, a 704 eV Lα X-ray is released from the material.  

 

So, an EDX spectrum of iron (Fe) would have three peaks; the first peak of an Lα at 704 

eV, the second peak with largest X-ray energy of a Kα at 6400 eV, and the third peak of a 

Kβ at 7057 eV, as in Figure 2-14. 

 

 

Figure 2-14: Example of EDX spectrum for iron (Fe) [92] with 3 peaks; Lα at 704 eV, Kα at 6400 
eV, and Kβ at 7057 eV 

 

The fact that lower atomic number elements have fewer filled shells, they have a lower 

number of X-ray peaks. For example, carbon only has one peak, a Kα X-ray at 282 eV. 

Meanwhile, the higher atomic numbered elements have a higher number of X-ray peaks. 

Though some of the high atomic numbered X-rays can be over 50 keV, a typical spectrum 

range of 0-20 keV can qualitatively identify all the elements from element number 5 boron 

(B) to element number 92 uranium (U). 
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In essence, each element has unique X-ray lines that permit a sample's elemental 

composition to be recognized by a non-destructive technique. Since the X-rays involve the 

electron beam interaction with the sample surface, only the area of the sample being 

focused is studied. This feature enables the SEM to execute elemental study in designated 

areas as small as 0.5 µm in size. The X-rays are produced from a depth comparable to the 

depth of the secondary electrons being emitted. Based on the material’s density and 

accelerating voltage of the incident beam, this is typically from 0.5 to 2 µm in size. 

Detectability limitation can be as small as 0.2 % for the higher atomic number elements. 

 

EDX analysis can also quantify the elements being detected. A quantitative analysis can be 

performed either by a standard-less or a standard analysis. A standard-less analysis 

involves quantifying the elements by measuring the area under the peak of every identified 

element [93, 94]. Based on the accelerating voltage of the beam-producing-spectrum, a 

calculation is performed to create sensitivity factors that will translate the area under the 

peak into the weight or atomic percentage. Computer software is utilised to filter out the 

background noise in the EDX spectrometer. The software then does a Gaussian fit on the 

elemental peaks involved. Then it performs the calculations for the area under the peaks. 

Among the most used algorithms is ZAF [95] where Z represents the elemental atomic 

number, A represents the absorbance while F represents the fluorescence values to 

compensate for the X-ray peak interaction. From this information, the atomic and weight 

percentage are computed.  

 

Another quantitative analysis, the standard quantification [96, 97], is carried out in a similar 

way. Instead of executing ZAF algorithms on the areas under the elemental peaks, the areas 

are compared to standard files that are spectra of the elements to be quantified acquired 

under the exact conditions of the unknown spectrum. Because this analysis requires the 

additional comparing spectrum, this analysis is lengthy and usually is of the same accuracy 
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with a standard-less analysis, excluding the case when the X-ray peaks overlap one another 

or when the elements are in a very small quantity.  

 

2.12 SURFACE POTENTIAL DECAY 

The study of surface potential decay of insulating materials has become an area of interest 

since the discovery of cross-over phenomenon in surface potential decay in 1967 by Ieda 

[98], as shown in Figure 2-15. This discovery reveals that dielectric material with a high 

initial-surface-potential, decays faster in comparison to the dielectric material of low initial-

surface-potential. In order to understand the mechanism that governs this phenomenon, 

many assumptions and theories have been made to describe this discovery. The concept of 

the deep traps on the surface and shallow traps in the material were used to qualitatively 

describe the cross-over phenomenon. As corona source deposited charges onto the 

insulating material, the potential at the surface of the material increases to a high value, 

thus allowing electrons to move easily across the deep trap due to their high energy state. 

Therefore, charges on the high surface-potential decay faster. Equally, if the surface of the 

insulating material is charged to a lower value by corona discharge (i.e. the surface 

potential is low), the electrons do not have enough energy to move across the deep trap. 

Therefore, charges on the low surface-potential decay slower [99] 
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Figure 2-15: Example of cross-over phenomenon as discovered by Ieda [98]. It proves that 
dielectric material with a high initial-surface-potential, decays faster in comparison to the dielectric 
material with low initial-surface-potential. 

 

There are several techniques to quantify surface potential without making contact with the 

surface of the insulating material. Among the techniques, Kelvin probe method utilises a 

non-contact, non-destructive vibrating capacitor device, which is used to measure the 

potential of the surface of insulating material [100]. The probe vibrates perpendicularly to 

the surface in test and the current flowing to and from the probe changes proportionately to 

the amplitude and frequency of the vibration. The tip of the probe is positioned around 0.2 

– 2.0 mm away from the surface of the sample. It is important to note that Kelvin probe is 

an extremely sensitive instrument. Therefore, the results can be affected by electromagnetic 

noise and mechanical disturbance from the cables, external electric field source, 

piezoelectric effects and mechanical parts of the instrument. Therefore, this technique 

needs a stable ambient condition for it to work accurately and the price of this instrument is 

relatively expensive, which makes it a less favourable technique to adopt. 
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Another surface potential measuring technique, the electrostatic probe method, involves a 

control loop and an integrated high voltage source driving the probe potential for cancelling 

out the electric field between the surface and the measuring probe [101]. Thus, this 

instrument can measure the potential of the insulating surface directly. This method is also 

known as ‘feedback-null surface potential monitors’ or ‘non-contact voltmeters’. While 

electrostatic probe can directly measure the potential of the insulating surface, the 

measuring range is less than 5 kV, which is rather small. 

 

The measuring technique used in this research is based on the field mill method [102]. 

Field mill method utilises the principle of electrostatic induction. Field mill comprises of 

one or more electrodes and a rotating shutter that is earthed. Because the rate of decay is 

constantly changing, there is a need to measure the strength of the electric field 

continuously which explains the need to measure the charged state of the sensor plate, 

discharge it, and measure again in sequence. This is done by repeatedly exposing the sensor 

plate to the external electric field to charge it, then shielding the plate to allow it to 

discharge. A charge amplifier measures the amount of charge on the charge plate and 

translates this value to an analogue voltage. The result obtained using this method varies 

with the distance between the instrument and the measured surface. Hence, this instrument 

needs to be properly calibrated. Figure 2-16 shows the schematic diagram of the field mill 

operation. This technique has the advantage of being low cost and has a wide measuring 

range. 
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Figure 2-16: A schematic diagram of the field mill operation [103]. The electric field is 
continuously being quantified by measuring the charged state of the sensor plate, discharge it, and 
measure again in sequence. 
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3 CHAPTER THREE: SAMPLE PREPARATION 

3.1 MATERIALS 

Bisphenol-A type epoxy resin (Araldite LY556) together with anhydride hardener (Aradur 

917) and imidazole accelerator (DY070) from Huntsman Advanced Materials were used to 

make hot curing epoxy samples throughout this research. This matrix of epoxy resin has 

outstanding mechanical, dynamic and thermal properties, as well as low room temperature 

viscosity [104]. It also possesses long pot life (>1 week at room temperature) and excellent 

chemical stability, especially to acids at a temperature up to 80 ºC. Because of these 

outstanding attributes, this epoxy resin mixture is widely used for high-performance 

composite parts. On top of that, it has good fibre impregnation properties, and it is easy to 

produce. Figure 3-1 shows a representation of repeat unit of Araldite LY556 resin, Aradur 

917 hardener, accelerator DY070 and the formed three-dimensional network structures of 

the system [105]. During the curing process, the epoxide ring at the end of the resin chain 

reacts with the anhydride in the hardener to form a link between the two molecules and, 

thus, allowing a chain to be formed. 

 

a  

 

b    c    
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d 

Figure 3-1: Representation of chemical structure of (a) Araldite LY556 resin (b) Aradur 917 
hardener (c) Accelerator DY070 and (d) the formed three-dimensional network structures of the 
system 

 

The key data for Araldite LY556, Aradur 917 and Accelerator DY070 are shown in the 

datasheet as in Table 3-1 below:  

 

 Araldite LY556 Aradur 917 Accelerator DY070 

Aspect (visual) Clear, pale yellow 

liquid 

Clear liquid Clear liquid 

Colour (Gardner) < 2 < 2 < 9 

Viscosity at 25 ºC 10000 – 12000 mPa s 50 – 100 mPa s < 50 mPa s 

Density at 25 ºC 1.15 – 1.20 g cm¯³ 1.20 – 1.25 g cm¯³ 0.95 – 1.05 g cm¯³ 

Epoxy content 5.30 – 5.45 eq kg¯¹ - - 

Flash point >200 ºC 195 ºC 92 ºC 

Table 3-1: Key data for Araldite LY556, Aradur HY917 and Accelerator DY070 by Huntsman 
Advanced Materials [104] 
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3.2 EPOXY SAMPLE PREPARATION 

The product mixture of epoxy resin Araldite LY556 and hardener Aradur 917 with 

accelerator DY070 is a low viscosity, solvent-free system based on the attributes of 

Bisphenol-A epoxy resin with anhydride hardener. The ratio of this epoxy matrix system is 

shown in Table 3-2 below. A stoichiometry investigation done by Nguyen [106] revealed 

that the ratio from the manufacturer gives the optimum dielectric performance for unfilled 

epoxy resin samples. 

 Parts by weight Parts by volume 

Araldite LY556 100 100 

Aradur 917 90 86 

Accelerator DY070 0.5 – 2 0.6 – 2.4 

Table 3-2: Ratio for epoxy resin mixture provided by Huntsman Advanced Materials [104] for 
optimum dielectric performance for unfilled epoxy resin samples 

 

The mould used for preparing epoxy resin samples is made up of two stainless steel plates 

with the dimension of 120 mm x 150 mm as pictured in Figure 3-2. There are two slots on 

both sides of the upper plates. These slots are used to fill in viscous epoxy resin mixture. A 

plastic film spacer, which defines the thickness of the sample is prepared by cutting out the 

middle part and is placed in between the two steel plates. During curing, the mould is 

placed in the oven at an angle so that the mixture can flow into the mould using gravity 

feed. A release agent QZ13 is then applied to the surface of the mould to help release the 

cured sample from the mould when curing is done. The detailed steps in epoxy resin 

preparation are listed in Table 3-3 below: 

 

1 The epoxy resin is preheated to 40 ºC to reduce its viscosity 

2 The right ratio of epoxy resin and hardener is degassed separately inside vacuum-oven 

(10³ Pa at 40 ºC) for 30 min 

3 The mixture is mixed together using magnetic stirring (600 rpm at 40 ºC) for 60 min 
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4 The mixture is again degassed inside vacuum-oven (10³ Pa at 40 ºC) for 10 min 

5 The prepared plastic film spacer is positioned in between the two stainless steel plates 

and are fastened together with screws  

6 The mixture is filled into the slot of the mould 

7 The mould is then placed in the oven at 80 ºC for 4 hours for curing process 

8 The mould is again heated at 120 ºC for another 8 hours for post-cured process 

9 The sample is released from the mould and is cut into the desired shape 

Table 3-3: Detailed steps for epoxy resin preparation. During curing, the mould is placed at an 
angle so that the mixture can flow into the mould using gravity feed.  

 

The epoxy resin samples prepared this way are only as thick as the plastic film spacer being 

used. The typical sample thickness prepared using this method is between 50 – 700 μm. 

The thickness of the sample is determined by the middle spacer. So, to get different sample 

thickness, a different set of middle spacer is used.  

 

 

  

Figure 3-2: Mould used for making epoxy resin samples. A release agent QZ13 is used to help 
release the cured sample from the mould when curing is done. 
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For this research, three different thickness set of epoxy resin samples were prepared in the 

chemical prep room; 250 μm, 300 μm, and 10 mm as shown in Figure 3-3. The 250 μm and 

300 μm thick samples are cut into a square shape of 4 cm x 4 cm size while the 10 mm 

samples are already moulded into a cylinder of diameter 3 cm. The properties of the cured 

formulation of the samples (cured for 4 hours at 80 ºC and post-cured for 8 hours at 120 ºC) 

are given in Table 3-4.  

 

Properties                                                                                     Value 

Glass transition temperature (TG DSC) 144 - 148 ºC 

Glass transition temperature (TG TMA) 125 - 128 ºC  

Tensile strength 83 - 93 MPa 

Elongation at tensile strength 4.2 - 5.6 % 

Ultimate strength  80 - 90 MPa 

Ultimate elongation 5.0 -  7.0 % 

Tensile modulus 3100 - 3300 MPa 

Flexural strength  125 - 135 MPa 

Deflection at maximum load 10 - 18 mm 

Fracture toughness K1C 0.56 - 0.6 MPa m¯¹ 

Fracture energy G1C 88 - 96 J m¯² 

Water absorption (1 day, 23 ºC) 0.10 - 0.15 % 

Coefficient of linear thermal expansion (20 - 100 ºC) 55 - 57 x 10¯⁶ K¯¹ 

Coefficient of linear thermal expansion (100 - 130 ºC) 67 - 70 x 10¯⁶ K¯¹ 

Poisson’s ratio, µ  0.35 

Table 3-4: Properties of cured formulation of epoxy resin; Araldite LY556, Aradur HY917 and 
Accelerator DY070 [104] 
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Figure 3-3: Epoxy resin samples of different thickness prepared in the lab. The epoxy is cured for 4 
hours at 80 ºC and post-cured for 8 hours at 120 ºC 

 

3.3 FLUORINATION PROCESS 

Once the epoxy resin was cured, it was sent to undergo direct-fluorination treatment in 

Tongji University, China. The fluorination process was carried out in a closed stainless 

steel vessel. After evacuation, the fluorine and nitrogen mixture of 12.5 % F₂ was pumped 

into the vessel, and the samples were fluorinated on both sides. The gas mixture pressure in 

the vessel at 55 °C was maintained at 0.1 MPa. Five different fluorination times were done 

onto each epoxy resin sample set; 30 min, 60 min, 120 min, 180 min, and 240 min. For 

simplification, the fluorinated samples will be referred to as F30, F60 and so on, while the 

non-fluorinated sample will be referred to as F00. After the reaction, the reactive gases 

were purged from the vessel with nitrogen. In order to remove the emitted by-product 
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hydrogen fluoride (HF) gas from the reaction, sodium fluoride (NaF) pellets were placed 

inside the vessel to produce neutralised solid form of sodium bifluoride (NaHF₂) [107].   

 

Through direct-fluorination treatment, the ‘light’ hydrogen atoms are replaced with 

‘heavier’ fluorine atoms, so the density of the treated surface-fluorinated epoxy resins 

should be greater as compared with the density of the original materials [108]. In order to 

reduce the possibility of defect formations in the polymer during the fluorination treatment, 

namely the chain scissions, macro- and micro-defects, as well as caverns, a “mild” 

treatment condition is adopted at the industrial level, as well as in this research. For 

example, the fluorine gas is diluted with nitrogen gas, helium gas, argon gas, carbon 

dioxide, etc. and the composition of fluorine gas is typically around 1–20 vol%. Even when 

fluorine composition is at 1 vol%, the surface-fluorination thickness dependence on 

fluorination time is still valid. It has been found that the influence of diluents such as 

nitrogen gas, helium gas, argon gas, and carbon dioxide on the fluorination rate is 

significant but not very high [21].  

 

Another set of epoxy resin samples was sent to Laboratory of Plasma Physics and 

Materials, Beijing to undergo plasma-enhanced fluorination (PEF) treatment. The reaction 

gas was ignited by an RF source at 30 kHz. The reactor contained two aluminium barrel 

electrodes that were coated with alumina. The inner electrode on which the sample was 

placed was connected to the RF source while the outer one was grounded. The main 

vacuum pump was used with a liquid nitrogen condenser that trapped any residual gases. 

The chamber was thermostatically controlled and maintained either at room temperature or 

about 90 °C during the process. Several parameters could be tuned, in particular, inlet 

precursor composition, e.g. the possible presence of a second gas with the fluorinated 

reagent.  Detailed plasma treatment parameters are available in Chapter 8. 
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3.4 CHAPTER SUMMARY 

This chapter gives a brief explanation of the component materials and the selection 

rationale adopted for this research. It also gives information regarding fluorination 

treatment carried out on the prepared epoxy resin samples. Stoichiometrically balanced 

reactions of Bisphenol-A type epoxy resin (Araldite LY556) together with anhydride 

hardener (Aradur 917) and imidazole accelerator (DY070) from Huntsman Advanced 

Materials (with weight ratio 100:90:2) offer a pathway to a host of high-molecular-weight 

polymers that have robust mechanical behaviour, adhesion to a variety of active surfaces, 

attractive optical characteristics and an exceptional barrier to oxygen and other atmospheric 

gases. On top of that, the followed-through fluorination treatment gives the polymer a high 

surface energy, high thermal stability, enhanced chemical resistance, and immiscibility 

with most other hydrocarbon-based polymers. These features are a direct result of the low 

polarisability of the fluorine atom, the exceptionally strong nature of the C–F bonds, and 

the relatively small size of fluorine [109]. 
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4 CHAPTER FOUR: SAMPLE CHARACTERISATION 

4.1 SCANNING ELECTRON MICROSCOPY 

By only looking at the direct-fluorinated and non-fluorinated epoxy resin samples, one can 

tell no difference in term of appearance, colour, transparency, elasticity, etc. between these 

samples. A special tool is needed to see and characterise the change in surface morphology 

that the fluorination treatment had done on the epoxy samples. Among the available tools, a 

microscope is used to study the microscopic morphology of the surface-fluorinated 

samples. However, conventional optical microscope only gives a standard magnification, 

which is not good enough to view the fluorinated layer. Hence, SEM is used for this 

purpose. In fact, SEM has been widely used in the morphological study of insulating 

materials. The ease of sample preparation is a significant advantage over other microscope 

types, namely the transmission electron microscopy (TEM), and this has led to its 

widespread usage. For SEM, the structure of bulk specimens of the order of nanometres in 

size, or larger, can be revealed by only using the cryofracture technique. On the other hand, 

the sample preparation for TEM usually involves complex ultra-microtomy techniques.  

 

 

Figure 4-1: The cross-section SEM image of original epoxy sample. The sample was cryofractured 
and gold-coated at 25 mA for 6 min. A voltage of 10 kV and a working distance of 10 mm were 
applied throughout the SEM analysis. 
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Figure 4-2: The cross-section SEM image of 30-min-fluorinated sample. The sample was 
cryofractured and gold-coated at 25 mA for 6 min. A voltage of 10 kV and a working distance of 10 
mm were applied throughout the SEM analysis. 

 

 

Figure 4-3: The cross-section SEM image of 60-min-fluorinated sample. The sample was 
cryofractured and gold-coated at 25 mA for 6 min. A voltage of 10 kV and a working distance of 10 
mm were applied throughout the SEM analysis. Inset shows the surface roughening process. 

 

Before the work can be carried out, the fluorinated samples, as well as non-fluorinated 

samples were cut into 15 mm x 15 mm size. The samples were mounted onto standard 

aluminium SEM stubs and were gold-coated using Emitech K550X coating unit with 

Edwards E2M2 high-vacuum pump. The coating was carried out at 25 mA for 6 min to 

create the necessary grounding path for the electron beam during the operation of SEM. A 
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JEOL Model JSM-5910 was used for this SEM analysis. A voltage of 10 kV and a working 

distance of 10 mm were applied throughout the analysis.  

 

Figure 4-1 to Figure 4-3 show the cross section  SEM images of the 30-min and the 60-

min-surface-fluorinated samples, as well as the original sample for reference. The newly 

formed layer is marked with the white line. From the cross-section images, the top surface 

of the original sample is clear without any additional layer formation, unlike the fluorinated 

samples. In the 30-min-surface-fluorinated image, there is a thin layer with a sharp 

boundary forming on top of the surface with a thickness of a ~0.4 µm, showing an obvious 

increase with the treatment time as expected. For the 60-min-surface-fluorinated image, the 

layer is more obvious with a thickness of ~0.6 µm. Since this thin layer does not exist on 

the untreated sample, and becomes thicker with prolonged fluorination time, we can 

logically assume that this layer is the product of the fluorination treatment. Obviously, the 

thickness of this new layer is limited by fluorination treatment duration, with longer 

treatment time yields thicker new surface layer. Other authors have suggested that the 

newly-formed-layer’s thickness is governed by the rate of penetration of fluorine molecule 

through the surface and into the bulk [45, 47, 110]. An in-depth study by Kharitonov [20] 

suggested that the thickness of fluorinated layer, δ୊, is proportional to the square root of 

fluorination time, t: 

δ୊ = ௞(ி݌)ܤ  ଴.ହݐ 
( 4-1 ) 

 

where the B value depends on partial pressures of diluents gas, ݌ி is the permeability of 

fluorine gas through fluorinated layer, and k is a constant. In the case of epoxy resin treated 

at room temperature, the value of B and k are 0.070 µm s¯⁰·⁵ and 0.52 respectively. It is 

important to note that this equation is derived from the direct-fluorination treatment 

prepared using pure fluorine gas at room temperature, slightly different from the treatment 

conditions being applied in this research. Nevertheless, it is appropriate to say that the 

thickness of the newly-formed-layer increases with fluorination time. The same author also 

proposed that the level of fluorination increases with applied temperature. However, from 
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the obtained SEM images, the obvious sharp boundaries of the newly-formed-layer in F30 

and F60 contradicts the diffusion model suggested by Kharitonov. Fluorinated layer formed 

by diffusion of fluorine through the surface should not possess an abrupt boundaries as in 

Figure 4-2 and Figure 4-3. Different level of brightness between the new layer (bright) and 

the unaffected epoxy (dark) may suggest a different yield of secondary electron during 

SEM operation. According to Seiler [111], the difference in secondary electron yield may 

arise from material contrast or from electron channelling contrast (among other factors) due 

to contamination on the surface. However, comparable bright sharp layer was also seen by 

other authors [46, 112] as a result of fluorination treatment on polymeric materials. Further 

characterisation tests are needed to further analyse the composition of this newly-formed-

layer. For ease of identification in this thesis, it is fitting to call this layer as ‘fluorinated 

layer’ since it is the product of the surface fluorination treatment. 

 

 

Figure 4-4: Images on surface roughening effect from surface-fluorination treatment on epoxy resin 
taken from [113]. The appearance of surface cracking appears at higher fluorination temperatures 
can be due to a rapid increase in molecular volume. 
 

From the cross-section image in Figure 4-3, as well as the top-view images from [113] in 

Figure 4-4 (the same direct-fluorination treatment from Tongji University were performed 
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on these samples), structural changes in the form of small cracks and bumps can obviously 

be seen on the surface as the direct-fluorination level increases, as an outcome from the 

surface roughening process. Surface roughening appears and intensifies with the increase in 

fluorination level. It is believed that the surface roughening process of the epoxy samples at 

extended fluorination time is due to a rapid increase in molecular volume by the 

substitution and addition of ‘heavy’ and bigger fluorine atoms, and, also due to the on-

going chain-scission process occurring on the surface of the treated epoxies [114]. In an 

‘ideal scenario’ when there is no structural modification after the fluorine atoms are 

integrated into the polymeric surface, the surface conductivity should, in fact, be reduced 

by the formation of deep traps since fluorine has the highest electronegativity among the 

elements from the periodic table. However, the integration of fluorine atoms in the direct-

fluorination treatment of polymeric materials is typically followed by physical and 

structural changes on the surface. The chain scission process, in particular, should produce 

substantial physical and structural modifications, as well as disorder at the molecular level. 

Moreover, the introduction of structural changes on the surface of the treated material 

should incorporate physical defects on the surface layer, which are known to have trap 

depth shallower than the trap produced by chemical defects [115]. Therefore, dielectric 

properties on the surface of the fluorinated epoxy samples are governed by the contest in 

the number of compositional changes and the structural changes i.e. the chemical defects 

and the physical defects in the fluorinated surface layer [116].  

 

An increase in surface roughness may reduce the contact angle of a water droplet for a 

hydrophilic surface, while increase the water contact angle for a hydrophobic surface. As 

evident from the SEM images, the surface-fluorination treatment does increase the surface 

roughness of the treated samples and, therefore, reduced the water contact angle on the 

surface. The small water contact angle for fluorinated epoxy samples is attributed to the 

introduction of polar groups of -CHF-, as well as the chain scission process that introduces 

a highly polar group inside the fluorinated layer [114]. The contact angle of a water droplet 

on the surface of a solid indicates the degree of wetting of the solid. If the contact angle, Ψ 

> 90°, the solid is non-hydrophilic, while if Ψ < 90°, the solid is easily wetted i.e. the 

attraction of the water molecule by the solid surface is very strong.  In short, the wettability 
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of a material is determined by the chemical structure on the surface, as well as the surface 

roughness [117].  

 

4.2 ENERGY-DISPERSIVE X-RAY SPECTROSCOPY 

Energy dispersive X-ray (EDX) analysis uses the X-ray spectrum produced by a material 

bombarded with a focused beam of electrons to achieve a localised chemical spectroscopy. 

All elements from atomic number 4 (beryllium) to 92 (uranium) can be identified [118]. On 

top of that, EDX analysis can determine both qualitative and quantitative value of the 

element under the scope. Qualitative analysis is relatively straightforward due to the 

simplicity of X-ray spectra and is used for the classification of the peaks in the 

spectroscopy. The determination of the concentrations of the elements present in the 

quantitative analysis involves evaluating peak’s amplitude for each component in the 

material. 

 

The samples were cryofractured into 10 mm x 10 mm pieces and were gold-coated. For this 

analysis, the energy dispersive X-ray microanalysis of Oxford Inca 300 was used together 

with the SEM instrumentations. As discussed in Chapter 2, once the electron beam hits the 

atoms on the top of the sample, secondary and backscattered electrons were released from 

the surface of the test subject. Unique x-rays energies which corresponds to each element 

on the surface were released in order to replace the electrons and, thus, stabilise the system. 

Figure 4-5 to Figure 4-7 show the top view EDX spectroscopy of non-fluorinated, 30-min-

surface-fluorinated and 60-min-surface-fluorinated epoxy samples. Peaks of carbon (C) and 

oxygen (O) are clearly visible from the spectrum in Figure 4-5, which are the main 

elements for epoxy. However, another primary component for epoxy, which is hydrogen 

(H), is not visible due to the limitation of EDX in spotting elements of a small atomic 

number. Small peaks of gold (Au) can also be seen from the spectroscopy due to the 

existence of small gold element from the gold-coating layer. In Figure 4-6, the peak for 

fluorine (F) can be seen from the spectroscopy due to the presence of the fluorinated layer 

from the fluorination treatment. The fluorine peak is greater in intensity in Figure 4-7, 

indicating a greater number of fluorin in the electron interaction spot i.e. thicker fluorine 
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layer in the 60-min-surface-fluorinated epoxy. This observation is consistent with the cross-

section SEM images in Figure 4-2 and Figure 4-3 which show obvious increases in 

fluorination layer thickness with respect to treatment time. No other element is detected 

from this analysis indicating only the fluorine element is integrated into the surface layer. 

 

 

Figure 4-5: Top-view EDX spectrum for non-fluorinated epoxy. No other element is detected 
besides aurum (Au) which is a result of gold-coating. 

 

 

Figure 4-6: Top-view EDX spectrum for 30-min-fluorinated epoxy. Fluorine is detected together 
with the original epoxy element of carbon and oxygen. No other element is detected. 
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Figure 4-7: Top-view EDX spectrum for 60-min-fluorinated epoxy. Higher peak for fluorine is 
observed with longer fluorination time. No other element is detected. 

 

The epoxy samples then were placed vertically inside the microscope chamber to view the 

cross-section image of the treated material. Figure 4-8 and Figure 4-9 show the scanning 

electron microscope (SEM) images and EDX spectrum of the cross-section of a 60-min-

surface-fluorinated epoxy sample. From the SEM images, the fluorinated layer can clearly 

be seen on the top of the epoxy samples with a thickness of 0.6 µm. The thickness of the 

fluorinated layer from the treatment is determined by a few factors; namely the treatment 

time, the pressure and composition of the reactive mixture, and fluorine partial pressure 

[119]. The chamber’s temperature and nature of the treated material may also influence the 

degree of fluorination. From the Raman spectroscopy analysis in next sub-chapter, the 

spectrum shows that chemical reactions between the fluorine gas and the surface of epoxy 

did take place during the fluorination treatment [120].  
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 Figure 4-8: The cross-section SEM image and EDX spectrum of the epoxy layer. No other element 
is detected besides aurum (Au) which is a result of gold-coating. 

 

The EDX spectrum in Figure 4-8 shows peaks of carbon (C) and oxygen (O) taken from the 

spot 3 µm deep into the sample. A small trace of fluorine (F) can be seen as well due to the 

existence of fluorine element near the vicinity of the EDX focus spot. The fluorine peak is 

greater in intensity in Figure 4-9, indicating a higher concentration of the fluorine element 

on the top layer as a consequence of the direct-fluorination treatment.  
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Figure 4-9: The cross-section SEM image and EDX spectrum of the 60-min-fluorinated layer. 
Fluorine is detected besides the original epoxy element of carbon and oxygen. No other element is 
detected. 

 

The presence of fluorine element from the EDX spectrum comes from the formation of 

fluoride groups that are bound to happen because bond energy of C–F bonds is much 

higher than the bond of C–H and C–OH of pristine epoxies [121]. During a direct-

fluorination treatment on hydrogen-carbon based polymeric materials, C–H and C–OH 
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bonds are disrupted while the conjugated double bonds are saturated and followed by the 

formation of C–F, C–F₂ and C–F₃ groups [122, 123]. At industrial level, where fluorination 

duration does not exceed 1–2 hours, the reacting temperature is between 20–60 °C and 

fluorine pressure does not exceed 0.1 bars, the transformation of hydrogen-carbon-based 

polymers into a perfect fluoropolymer does not usually happen. Nevertheless, the degree of 

fluorination inside the top fluorinated layer is rather high and sometimes it is close to 90–

100 %. Most of the C–H bonds are transformed into C–F bonds. 

 

4.3 RAMAN SPECTROSCOPY ANALYSIS 

SEM analysis gives information on the morphological structure of the so-assumed 

fluorination layer. Still, the information does not reveal any chemical evidence to support 

the claim. Hence, another characterisation technique using Raman spectroscopy was 

performed. This technique provides information about functional groups or chemical bonds 

within the molecules. In a Raman spectrum, each line has a characteristic polarisation and, 

therefore, polarisation data provide information about the molecular structure. This 

spectroscopic technique utilises the inelastic scattering of monochromatic light to interact 

with the molecular vibrations, phonons and other excitation in the matrix, resulting in the 

energy of the laser photons being shifted up and down. 

 

This experiment was conducted using Leica microscope and Renishaw Raman RM1000 

system with a 785 nm CW diode laser of 25 mW. The system uses Peltier cooled charged 

coupled device (CCD) detector. There is a holographic grating of 1800 grooves mm¯¹ to 

disperse the scattered radiation by wavelength and a holographic (notch) filter that prevents 

back-scattered radiation from entering the detector. The device was set up in confocal 

mode, with a slit width of 15 μm and a CCD area of 4 pixels (image height) x 574 pixels 

(spectrometer range) which, together with the mechanical slit, acts as a virtual confocal 

pinhole. These settings are consistent with Renishaw’s recommendations for confocal 

mode. For a start, the lens was focused on top of the sample surface, which is the 

fluorinated layer and the spectrum was captured. Then the focal point was adjusted to go 1 
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µm deeper into the bulk where the epoxy region was, and the spectrum was again captured. 

These steps were repeated until the depth is 5 µm deep. Since the Raman is in confocal 

mode, traces of epoxy resin key peaks can be seen on the fluorinated layer and vice versa. 

 

Figure 4-10 shows the Raman spectrums of the surface fluorinated layer and epoxy resin 

region for depth 3 µm and 5 µm with some of the key peaks indicated. Table 4-1 identifies 

all of the key peaks in these spectra and the bonds within the samples from which they 

originate. It is important to note that the spectrum at 3 and 5 m are well below the 0.6 m 

penetration of the fluorinated layer, as seen from the SEM image of F60 and, thus, the 

spectra are identical. Since C–F bond possesses higher energy bond compared to C–H 

bond, surface-fluorination of the epoxy resin can instantly take place and results in the 

disruption of C–H bond, followed by the formations of C–F, C–F₂ and C–F₃ groups [124, 

125]. The level of fluorination and thickness of the fluorinated layer depends upon the 

treatment parameters of the composition and pressure of the reactive mixture, fluorine 

partial pressure, treatment time and temperature, and polymer nature [119]. The 

fluorination level increases with the treatment time.  

 

Clearly, the direct-fluorination treatment triggers significant changes in the chemical 

composition of the epoxy surface layer. Fluorine atoms are introduced into the polymer 

surface layer typically by the substitution of hydrogen and addition to carbon-carbon 

double bonds. An obvious C–F band appears in the range 900–1400 cm−1 in the fluorinated 

surface spectrum [46]. At the same time, in the tail section, the C–H peaks at 2850 and 

2915 cm−1 are significantly reduced in intensity or even disappear from the top layer. In 

other words, for anhydride-cured DGEBA epoxy resins, direct-fluorination would lead to 

an increase in C–H formation and a decrease in C–F formation in Raman spectrum, as the 

focus goes from the surface to bulk. Peaks at 1221 cm−1 and 1180 cm−1 which are attributed 

to C–F covalent bonds and C–F₂ bonds respectively, are seen on the spectrum of 

fluorinated surface.  For comparison, from the Raman spectrum of the non-fluorinated 

surface layer of epoxy resin in Figure 4-11, the carbon-fluoride groups’ band in the broad 
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region of 900–1400 cm−1 is not visible, unlike the fluorinated surface spectrum, indicating 

no fluorination process has taken place. 

 

As stated before, it is known that direct-fluorination treatment of epoxy resins is usually 

followed by the occurrences of chain-scission process due to the high reactivity and 

oxidizing factor of fluorine gas. The chain-scission process and the presence of fluorine 

molecules are the reasons for the significant reduction and/or disappearance of the bands 

for the aromatic and aliphatic ether groups (at 1259, 1095, and 1032 cm−1) and the ester 

groups (at 1734 cm−1) in Figure 4-10 [116]. With the presence of oxygen in the molecular 

chain of the epoxy resin, the chain-scission process during fluorination treatment resulted 

in the formation –C(O)F groups that have a strong absorption band around 1856 cm−1 [20]. 

The –C(O)F groups would then be hydrolysed into –C(O)OH groups when the fluorinated 

polymer is exposed to atmospheric air due to the moisture absorption. In fact, a small peak 

of the –C(O)F groups can still be seen at 1856 cm−1 in the Raman spectrum because of the 

sample’s exposure to air before the Raman analysis was performed. 
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Figure 4-10: Raman spectrum of surface-fluorinated layer, 3 µm depth and 5 µm depth epoxy layer. 
The formation of C-H peaks (2850 and 2915 cm-1) can clearly be seen in the tail-section as the 
focus goes deeper into the bulk. 

 

 

Figure 4-11: Raman spectrum of non-fluorinated F00 surface layer for comparison. There is no 
broad-band associated to fluorine in the middle-section. 
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Table 4-1: Key Raman spectral peaks identified in fluorinated and epoxy layer. * v - stretch, β - in 
plane bend, α - in plane ring def, γ - out of plane bend, δ - deformation, W - wagging 

 

To further analyse the data, spectral subtraction was performed to see the spectrum of the 

fluorinated surface layer alone without the influence from the bulk spectrum. To perform 

this operation, the Raman spectrum of the non-fluorinated surface layer (F00) was 

subtracted from the Raman spectrum of the fluorinated surface (F60). The spectrum of the 

non-fluorinated surface is selected instead of the spectrum of fluorinated layer at 3 µm 

depth or 5 µm depth is because the fluorinated layer at such depth still contain peaks 

attributed to fluorine components. As a result, such subtraction may produce a spectrum 

without key fluorine peaks. Comparable Raman subtraction method was applied by other 

Layer Peak (cm-1) Vibrational mode Reference 

Fluorinated layer 730 C–F₂, C–F₃ [46] 

 1180 C–F₂,  

 1221 C-F  

 1345 C–F₂, C–F₃  

Epoxy layer 639 γ Epoxy [126] 

 736 α Epoxy  

 821 W C-H  

 916 γ Epoxy  

 936 W C-H  

 1012 v aromatic ring  

 1031 v C-O  

 1112 α Epoxy  

 1186 W C-H  

 1252 Epoxy ring breathing  

 1458 δ C-H₂  

 1580 v aromatic ring  

 1610 v aromatic ring  

 2850 C-H [46] 

 2915 C-H  
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authors in the characterisation of epoxy resin [127-129]. A weighting factor of 0.7 is used 

on the Raman spectrum of the original surface (F00) in order to eliminate the peaks of 

epoxy resin in the interested central region. In doing so, the tail section which shows peaks 

for C-H bonds are compromised (appears dented). A weighting factor lower than 0.7 does 

not totally eliminate the peaks attributed to epoxy in the central region while factor higher 

than 0.7 will result in more dents in the central region. The Raman spectrums of F60 and 

the subtraction result are shifted vertically in order to see the outcome more clearly. It is 

important to note that as the Raman is in confocal mode, the spectrum of the top fluorinated 

surface will contain peaks of fluorine components, as well as peaks of epoxy from the layer 

beneath. For that reason, peaks of C-H bonds are still visible in the tail section of the 

spectrum of the top fluorinated layer because of the confocal mode.  Figure 4-12 shows the 

outcome of the spectrum subtraction operation.  After the subtraction, the carbon-fluoride 

groups’ band in the broad region of 900–1400 cm−1 is clearly visible with a peak at 1345 

cm−1 (C–F₂ and C–F₃) indicating fluorination process has indeed taken place on the surface 

layer. Due to the broad band in the central section, other peaks associated with fluorine are 

not clearly visible. The formation of broad region in the subtraction spectrum, which is not 

visible in the original epoxy, could be due to overlap of fluorinated peaks with epoxy 

peaks. However, as the broad region covers a long range of frequency, it is more likely that 

it reflects the amorphous character of the fluorination layer [130]. A comparable broad 

Raman peak can also be seen in [131] in which the author attributed the broad Raman peak 

seen in fluorinated carbon nano-tubes to a greater amount of decomposition occuring at 

higher reaction temperature. In another study [132] on fluorinated system, they attributed 

the broadening Raman peak with the enhanced disorder in the lattice induced by 

fluorination. Similarly, Im et al. [133] attributed the broad Raman peak of fluorinated 

carbon nano-tube to the destruction of the graphite structure. Based on these findings, it is 

appropriate to say that the broad Raman peak seen on the subtraction result can be 

attributed to the destruction and disorder in the epoxy structure due to the fluorination 

treatment, especially at high temperature. 
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Figure 4-12: The spectrum of subtraction result of non-fluorinated layer from the fluorinated layer 

using a factor of 0.7. Broad Raman peak can be seen on the subtraction result and can be attributed 

to the destruction and disorder in the epoxy structure due to the fluorination treatment. 

 
 

4.4 PRELIMINARY SURFACE CURRENT MEASUREMENT 

Having performed the characterisation analysis using SEM and Raman spectroscopy, a test 

for another fundamental property of an insulator, the electrical conductivity test, is needed. 

The conductivity or resistivity measurement can be used to determine the dissipation factor, 

moisture content, and other important properties of a material. A small increase in surface 

conductivity value may increase the dielectric breakdown voltage because the electric field 

intensity is reduced. One test method that is usually adopted for measuring resistivity or 

conductivity of dielectrics is ‘DC Resistance or Conductance of Insulating Materials’ from 

ASTM D-257. In this method, Keithley 6517A electrometer is used for measuring purposes 

since it can measure a small value of currents (1 fA – 20 mA) [134].  

 

In theory, the resistivity of an insulator is measured by applying a known voltage, 

measuring the resulting current, and calculating the resistance using Ohm’s Law, V = IR. 
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From there, the resistivity is determined based on the geometry of the specimen. The 

resistivity may vary for several reasons. As it is a function of the applied voltage, at times, 

the voltage may be varied to determine an insulator’s voltage dependence. Environmental 

conditions may also play a significant part on insulator’s resistivity. As the humidity goes 

up, the resistivity goes down. For a better accuracy, environmental conditions, the applied 

voltage and electrification time should be kept constant from one test to another.  

 

The area of interest in this study is the top surface of the epoxy resin sample and, therefore, 

the surface current is measured, as well as the bulk. Surface resistivity is defined as the 

electrical resistance along the surface of an insulating material. It is measured from one 

electrode to the other electrode along the sample surface. For simplicity, the current 

measurement is deemed independent of the physical dimensions (e.g. thickness) of the 

insulating sample because the measured surface length is permanent. Surface resistivity is 

quantified by applying a voltage across the surface of the dielectric sample and measuring 

the resultant current, as illustrated in Figure 4-13. The electrode design for surface current 

measurement was taken from the surface breakdown system (in Chapter 7) which consists 

of a pair of finger-shape stainless steel electrodes attached the top of the sample. The 

justification of this electrode arrangement is discussed further in Chapter 7. It is important 

to note that, repeated experimental runs showed that data variations within a factor of 3 are 

typical, which causes the quantitative analysis of such behaviour to become questionable. 

The poor reproducibility of test data is, however, a common issue with current 

measurements [135]. 
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Figure 4-13: A schematic diagram of DC surface current measurement using a pair of finger 
electrode. The sample is placed in between the Teflon base and the finger electrodes. 

 

Resistivity or conductivity on the surface cannot be measured accurately, only 

approximated, because some degree of volume resistance or conductance is always 

involved in the measurement. The measured value is also affected by the surface 

contamination, including moisture absorption. As this analysis is only used for comparison 

purpose, the role of a grounding electrode is neglected. The conducting current from the 

applied voltage is assumed to flow along the surface only, and not through the bulk. Figure 

4-14 shows plots of the time dependence of measured current for 250 μm non-fluorinated 

sample (F00), 30-min-surface-fluorinated sample (F30), and 60-min-surface-fluorinated 

sample (F60) at a constant applied DC voltage of 5 kV across the 8 mm gap over a duration 

of 60 min at room temperature. It is noted that for all the samples, the value of the 

measured current drops significantly in the first few minutes, and only settles down after 

about five minutes. This is due to the different low frequency polarisation mechanisms 

decaying with increasing measuring time, and from depletion of free charge carriers [136, 

137]. After 60 min, the current measurement of F00, F30 and F60 are 5.66 x 10-13 A, 2.16 x 

10-12 A and 5.03 x 10-12 A respectively, showing a clear increase in surface current with the 

direct-fluorination treatment time.  
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Figure 4-14: Plot of current against time for 250 μm samples of F00, F30 and F60 at a constant 
applied DC of 5 kV across the 8 mm gap over 60 min at room temperature. After 5 min, the current 
for F30 and F60 show small increment with time due to the moisture effect. 

 

The observed increase in surface current value of the treated epoxy samples can be 

attributed to the increase in the level of fluorination. The changes in the physicochemical 

characteristics of the fluorinated surface may lead to an increase in surface conductivity 

[116]. This structural change does not only come from the substitution of fluorine atoms, 

but also from the occurrences of chain-scission process that would lead to the formation of 

highly polar groups (e.g. –CHF groups and oxygen-containing groups) and, thus, influences 

the surface polarity of the treated epoxy sample. On top of that, due to the surrounding 

moisture and the high surface energy of the treated epoxy resin, the water absorption effect 

also plays a major role in influencing the conducting surface current [138]. Theoretically, 

in a controlled environment, where the moisture level on the sample’s surface is kept 

constant all the time, a transient behaviour is expected in the first few minutes with the 

current falling due to bulk and surface polarisation followed by a steady state current once 

the field distribution across the sample has become constant. In this experiment, however, 

after five minutes, the current measurement for F30 and F60 show small increment with 

time, presumably, due to the moisture effect. For F30 sample, there is an increase of 0.86 x 
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10-12 A in surface current from the lowest value of 1.30 x 10-12 A at 200 s to 2.16 x 10-12 A 

after 60 min, while, the F60 sample recorded an increase of 1.39 x 10-12 A from its lowest 

reading. Direct-fluorination treatment on polymeric materials is known to turn the treated 

surface into hydrophilic with small water contact angle [110, 114]. Experimental evidences 

on moisture effect are available in Chapter 6, in which shows that direct-fluorination 

treatment on the surface (for F60 sample) did influence the amount of moisture being 

absorbed. It is believed that the increase in the degree of direct-fluorination would also lead 

to an increase in the amount of absorbed surface moisture. The same observation can also 

be seen in the moisture study done on the plasma-fluorinated samples in Chapter 8, where a 

decrease in surface current measurement was recorded as the PEF sample loose absorbed 

surface moisture. The increase in absorbed moisture, on top of the changes in 

physicochemical structure of the surface, leads to the increase in surface current, as 

evidenced from the surface current measurement.  

 

It is important to note that these samples were just taken out from a sealed bag for this 

measurement. Previously, once the fluorinated treatment was performed onto the samples 

in Tongji University, China, the samples were placed in a sealed plastic bag for 

transportation. The transportation bag is not vacuumed, nor filled with dry gas, so a limited 

amount of ambient moisture is expected within the sealed plastic bag. Therefore, when the 

samples were taken out for measurements, the samples’ surfaces were still not in 

equilibrium with ambient moisture; i.e. the surface would still be absorbing surrounding 

moisture. The increase in water absorption level on the surface with prolonged fluorination 

time introduces more hydrogen and hydroxyl ions onto the surface and, thus, yields higher 

surface conductivity value due to moisture-assisted charge movement. The significance of 

moisture effect is highly critical on the dielectric performances of epoxy samples which 

requires another chapter on its own. More detailed explanation on moisture effect on the 

surface-fluorinated epoxy resin samples is given in Chapter 6.  
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4.5 BULK DC CURRENT USING PARALLEL ELECTRODE GEOMETRY 

To further examine the effect of direct-fluorination treatment, the bulk DC current 

measurement was performed in order to observe the absorption current inside the non-

fluorinated and surface-fluorinated epoxy resin samples. The schematic diagram of DC 

current measurement is shown in Figure 4-15. 

 

 

Figure 4-15: A schematic diagram of DC bulk current measurement using parallel electrode 
geometry 

 

The top and ground electrodes are made of copper and both are 30 mm in diameter, 

sandwiching the epoxy sample of 250 µm in thickness. A constant DC voltage of 5 kV was 

applied for a duration of 50 min at room temperature. As the surface current is presumably 

dominant for the fluorinated samples, the grounding ring electrode is omitted. This is 

because the guard ring would eliminate the current that flows on the surface, which is 

presumed to be the main route of current flow of the fluorinated samples. These treated 

samples have higher surface conductivity due to the presence of fluorine layer on the 

surface. The dominance of conduction path through the surface layer over the bulk had 

been observed by other author [139]. 
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The same experimental procedures as before were repeated for all the samples. Figure 4-16 

shows plots of the time dependence of absorption current for non-fluorinated sample (F00), 

30-min-surface-fluorinated sample (F30) and 60-min-surface-fluorinated sample (F60) 

while Figure 4-17 shows the plot of log current against log time of the same data set for the 

first 300 s , during the transient current phase, well before the samples reach steady state. It 

is noted again that, for all the samples, the value of the absorption current drops 

significantly in the first few minutes of the measurement, similar to previous surface 

current measurement.   

 

 

Figure 4-16: DC current measurement for 250 μm epoxy resin samples of different fluorination 
time. The highest DC current reading is seen in F60, followed by F30 and finally F00 throughout 
the measurement period. 
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Figure 4-17: Log-log representation of DC current measurement on first 300 s of data for 250 μm 
epoxy resin sample of different fluorination time. The value of the absorption current drops 
significantly in the first few minutes of the measurement. 

 

In the non-fluorinated epoxy sample, as illustrated in Figure 4-18, the absorption current 

that flows through the bulk of the sample is minimal and after 50 min, the measured current 

is 1.19 x 10-12 A. Whereas, in the surface-fluorinated epoxy sample, as illustrated in Figure 

4-19, there exists a new pathway for the current to flow in the form of the fluorinated layer, 

which have less resistance than the bulk. The fluorinated layer covered the whole surface of 

the epoxy sample with a thickness of ~0.4 µm for 30-min-surface-fluorinated sample and 

~0.6 µm for 60-min-surface-fluorinated sample, as evident from SEM analysis. The current 

measurements increase to 2.40 x 10-11 A and 4.12 x 10-11 A respectively after 50 min. This 

observation implies that, with the introduction of a surface-fluorinated layer, a huge portion 

of the current flows through this new channel instead of the bulk with a current ratio of 

20:1 for 30-min-surface-fluorinated sample and 35:1 for 60-min-surface-fluorinated 

sample. Alternatively, this observation can also be described by the fact that the fluorinated 

layer in each case is less than 1 m thick while the sample thickness is 250 m. Therefore, 

the change in electric field across the bulk of the non-fluorinated bulk section of the sample 
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as the result of the more conductive fluorinated layers in contact with the electrodes would 

be small, and, therefore, the corresponding current change would also be small.   

 

 

Figure 4-18: Minimal current flow through the bulk of non-fluorinated epoxy sample in the absence 
of surface fluorinated layer 

 

Figure 4-19: Extra current can flow through the fluorinated layer in the direct-fluorinated epoxy 
sample 

  

In relation to the surface potential decay measurement (in Chapter 5), the author suggests 

that the main mechanism that governs the surface potential decay is the conduction along 

the fluorinated surface layer, as illustrated by the current flow from this test. Only a small 

portion of the conducting current flows through the bulk. This result is consistent with the 

space charge analysis in Chapter 5 that suggests the surface-fluorination treatment 

suppresses the charge injection into the bulk [140]. A similar observation was made by An 
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et al. [43] on charge injection into surface-fluorinated linear low density polyethylene 

(LLDPE). 

 

The measured absorption current in time domain characteristic is often found to follow the 

power law relationship [141]: 

ܫ =  ௕ିݐܣ
( 4-2 ) 

 

where ܫ is the current, ݐ is the time, ܣ is a temperature dependent factor and ܾ is a constant 

representing the slope of the current-time plot. Since the observed transient currents are 

based on polarisation, therefore a DC component of current would be expected in the 

equation. So, the current would follow:  

ܫ = ௕ିݐܣ +  ܥ
( 4-3 ) 

 

where C is the DC current component that is assumed to be the final current value at the 

end of the measurement.  

 

Sample ࢈ ࡭   C  

F00 3.72 x 10ିଵ଴ + 0.36 x 10ିଵ଴ 0.733 + 0.042 1.19 x 10ିଵଶ + 0.16 x 10ିଵଶ 

F30 1.43 x 10-⁹ + 0.24 x 10-⁹ 0.581 + 0.049 2.40 x 10ିଵଵ + 0.21 x 10ିଵଵ 

F60 3.73 x 10-⁹ + 0.22 x 10-⁹ 0.573 + 0.047 4.12 x 10ିଵଵ + 0.33 x 10ିଵଵ 

Table 4-2: Values of parameter ܣ, ܾ and C of the power law line fitting on first 300 s data for bulk 
DC current of F00, F30, and F60 at 95 % confidence bounds 
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Table 4-2 shows the values for parameter ܣ, ܾ and C of the curve-fitting result for bulk DC 

current measurement of F00, F30, and F60 samples. Generally, the fluorinated epoxies 

possess a lower value of exponential ܾ when compared to the non-fluorinated epoxy. Also, 

F30 and F60 samples show roughly the same value of parameter b. This implies that the 

factors that contribute to the value of exponential ܾ e.g. dipole orientation, carrier, carrier 

hopping as well as charge injection forming trapped space charge [142], are mainly bulk 

phenomena and only play a minor role on the surface. Unlike F00, for F30 and F60, more 

current can flow on the less resistive fluorinated surface as discussed earlier, hence higher 

value of parameter ܣ.  

 

In order to enhance the understanding in surface conductivity behaviour, Meunier et al. 

[115] had done a molecular modelling work to calculate the trap energies of the chemical 

and physical defects in a polymeric insulator. They concluded that the chemical defects 

represent the formation of deep traps in the model while physical defects represent the 

formation of shallow traps. On top of that, the influence of neighbouring molecules on the 

trap energies of the shallow and deep traps, as well as the interaction among the traps, 

should be taken into account. The extra current flows through the surface of the fluorinated 

sample, as a result of the high surface conductivities from fluorination treatment, suggests 

that the depth of charges being trapped in the surface layers is considerably reduced by the 

fluorination treatment. Ironically, the introduction of fluoride molecules into the epoxy 

surface layer should lead to the formation of deep traps (chemical defect) and consequently 

reduce the surface conductivity because fluorine atom has the highest electronegativity 

value in the periodic table. However, in a practical situation, the compositional changes are 

followed by the corresponding structural changes, namely the occurrences of chain scission 

(physical defect) from the breaking of molecular bond and shortening of the chain on the 

top surface. This structural changes increase the average number of shallow traps on the 

surface, and, consequently enhance the surface conductivity. 

 

The presence of oxygen in the reaction mixture or the polymer chemical composition, such 

as epoxy resin, may speed up the occurrences of chain scission. Therefore, high surface 
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conductivity of the fluorinated epoxy samples should mainly come from the structural 

changes, that introduce a large amount of the physical defects and shallow traps. A larger 

occurrence of chain scission can be expected on the fluorinated surface layers as the 

fluorination time increases, as evident from the DC current test result. The increase in 

surface current with fluorination time is a product of the competition between the chemical 

traps and the physical traps. On top of this physicochemical changes, the increase in the 

surface current may also be described by the ability of fluorinated layer to absorb surface 

moisture and, hence, increases the surface conductivity due to the moisture assisted charge 

movement. Further explanation on surface moisture effect are done in Chapter 6. 

 

4.6 CHAPTER SUMMARY 

This chapter gives an in-depth explanation on the characterisation test being carried out on 

the direct-fluorination of the epoxy sample as well as the non-fluorinated epoxy sample. 

Morphological analysis was performed through the use of SEM. The microscopy images 

show a clear formation of the fluorinated layer, getting thicker as the fluorination treatment 

time increases. The rate of formation of a fluorinated layer is limited by the rate of 

penetration of fluorine gas through the fluorinated layer, and into the untreated bulk. To 

further characterise the samples, Raman spectroscopy analysis was carried out to provide 

information about functional groups or chemical bonds in molecules through the inelastic 

scattering of monochromatic light. By using the confocal mode, it is clear that the spectrum 

shows a decrease in C–F absorption and increase in C–H absorption as the focus goes from 

the surface fluorinated layer and into the bulk of epoxy resin. From Raman subtraction, a 

broad Raman peak can be seen in the central section of the subtraction spectrum, and can 

be attributed to the destruction and disorder in the epoxy structure due to the fluorination 

treatment. 

 

DC surface current measurement was also carried out in order to determine the extent of 

dielectric improvement as a result from the fluorination treatment. From the DC current 

measurement result, it is established that a big portion of current flows along the surface of 
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the fluorinated sample, with only a fraction of the current flows through the bulk. This is 

because, the direct-fluorination treatment introduces a new surface layer that possesses 

higher surface current reading as compared to original epoxy, which offers a less resistive 

path for the charges to decay away from the surface. The increase in surface current value 

of the treated epoxy samples can be attributed to the increase in the degree of fluorination 

with fluorination time. The changes in the physicochemical characteristics of the 

fluorinated layer, as well as absorbed moisture on the surface may, lead to an increase in 

surface conductivity. This structural changes do not only come from the substitution of 

fluorine atoms, but also from the occurrences of chain-scission process that would lead to 

the formation of highly polar groups (e.g. –CHF groups and oxygen-containing groups) 

and, thus, influences the surface polarity of the treated epoxy sample.  
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5 CHAPTER FIVE: SURFACE CHARGE DYNAMICS 
 

The non-fluorinated and direct-fluorinated samples were characterised in the previous 

chapter. The effect of direct-fluorination treatment can clearly be distinguished from the 

characterisation tests. In this chapter, the surface charge dynamics is investigated using 

surface potential decay test and PEA measurement.  

 

5.1 CORONA DISCHARGE MECHANISM 

The study in surface potential decay of dielectric materials has become an increasingly 

popular topic after the discovery of cross-over phenomenon by Ieda in 1967 [98] and it is 

closely related to the wide usage of corona charged dielectrics. There are several methods 

available to deposit charges on the insulator’s surface. In this research, a corona discharge 

from a needle electrode was used throughout the surface potential decay study. Corona 

discharge is a sustainable, non-thermal plasma, which takes place in the proximity of a 

sharp high voltage discharge electrode e.g. a needle. Resulting coronas are either positive 

or negative, depending on the polarity of the supply connected to the discharge electrode. 

Both positive and negative corona may lead to an avalanche of electrons. This avalanche 

happens when free electrons in the air are subjected to strong acceleration by an electric 

field. The electric field accelerates these electrons until they acquire enough kinetic energy 

to create ionisation when they hit neutral gas molecules in their path. As a result, more 

electrons are liberated and upon being accelerated by the field, they can cause further 

ionisation. As the cycle goes on, more and more electrons are emitted, and avalanche is 

bound to happen. In short, a small number of electrons may cause ionisation of an entire 

gas and turn them into plasma. For a positive corona, the avalanche of electrons is 

accelerated towards the electrode while the resulting positive ions are repelled. Likewise, 

for a negative corona, the avalanche is in the opposite direction, with the electrons moving 

away and the positive ions are drawn towards the electrode [143].  
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5.2 SURFACE POTENTIAL DECAY MEASUREMENT 

When the corona charges are being deposited onto the insulator’s surface, the charge will 

immediately start to decay away from the surface through various mechanisms. A 

measurement technique called surface potential decay measurement is adopted in this 

research to measure this particular dielectric property. This technique enables a simple 

quantification of decay rate for each fluorination conditions upon corona charging the 

surface to a set voltage. From another study [143], it is known that bipolar charge injection 

is the main mechanism for the decay of corona charged sample. A schematic diagram for 

typical needle-grid-ground corona charging setup and the surface potential decay kits used 

in this study are shown in Figure 5-1 and Figure 5-2. 

  

 

Figure 5-1: A surface potential decay schematic diagram [144]. DC voltage sources were connected 
to the needle and the grid. Once the sample’s surface is charged by corona effect, the sample is 
moved towards the static monitor for decay measurement. 
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Figure 5-2: The surface potential decay kits used in this experiment. The inset picture shows the tip 
of the corona charging needle, the grid, and the sample holder. 

 

300 μm thick epoxy resin samples were used for this experiment. The samples were placed 

on top of a rotatable earthed electrode plate, just underneath the high-voltage needle 

electrode and the wire mesh grid electrode. The grid acts as an interpose between the 

surface and the needle, and it needs to be as close as possible to the surface. The supply for 

grid voltage had the same polarity as the needle, but with a lower magnitude. In this 

experimental setup, the distance between the needle and the grid was 4.5 cm while the 

distance between the grid and the ground plate was 1.5 cm. The grid has a surface area of 

150 cm², wide enough to provide uniform distribution of corona charge on the sample 

surface of 16 cm² (4 cm x 4 cm). The epoxy samples were negatively charged by corona 

effect on their free surface for 1 min. The needle and grid voltage were -16 kV and -5 kV 

respectively. Immediately after charging, the sample was quickly moved using the rotating 

system towards a compact JCI 140 static monitor to measure the surface potential decay, 
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and the decay versus time characteristic was plotted. It is important to note that, as this 

experiment was conducted in open air, the obtained results were highly influenced by the 

atmospheric condition. 

 

5.2.1 RESULTS AND DISCUSSIONS 

From Figure 5-3, the initial-surface-potential for all three samples are ~ -2.8 kV. Different 

rates of surface potential decay for epoxy resin samples of different fluorination time can 

clearly be seen from the decay curves. For non-fluorinated epoxy resin sample, F00, the 

surface potential is stable throughout the measurement period, signifying that the charges 

remain deeply trapped on the surface layer. At the end of the 40 min decay time, the 

surface potential value is -2.6 kV, a reduction of just 0.2 kV from initial charging. Several 

decay mechanisms in the form of surface conduction, bulk conduction (i.e. charge 

injection), bulk polarisation, and neutralisation by ions in the air can be held responsible for 

the surface potential decay of insulating materials with a grounded electrode on one side 

immediately after corona charging. From the study done by Molinie et al. [145] on the 

surface potential decay of epoxy resin insulators, they discovered that the charge injection 

into the bulk was not dominant. The main process responsible for potential decay was a 

slow bulk polarisation, which occurred under the influence of the deposited charges.  

 

For the 30-min-surface-fluorinated sample, F30, the decay rate is faster as the surface 

potential drops to -1.3 kV after 40 min. The fastest decay rate can be seen for the 60-min-

surface-fluorinated sample, F60, indicating faster movement of charges away from the 

surface as the fluorination time increases. A significant drop to -0.5 kV can clearly be seen 

at the end of the measurement. The faster decay trend occurs because surface fluorination 

treatment may have improved the surface conductivity of epoxy samples (due to shallow 

traps and water absorption). The increase in conductivity is even more significant with 

prolonged time of fluorination treatment. It is important to note that the increase in surface 

conductivity may enable trapped charges on the surface to move away faster as reflected 

from the resulting decay rate. From the same decay data in Figure 5-3, small oscillations 

can be observed in the decay plots, which are more noticeable in the fluorinated samples. 
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One possible reason for such observation can be explained in the way the charge moves 

through the surface. During the surface decay, the charges seems to decay in series of small 

pulses, and not through a steady-state decay [146, 147].  However, this observation is not 

seen in the work done by Liu et al. [113] for the surface potential decay on the surface-

fluorinated epoxy resin. This is possibly due to the high sampling rate (every five seconds) 

used in this experimental setup. Alternatively, the fact that the steps in surface potential 

match each other closely in F30 and F60 plots, albeit on different timescales due to the 

surface conductivity differences, suggests a measurement artefact [148, 149] possibly due 

to the placement of field mill. The probe head was placed and calibrated just 3 cm on top of 

the measured surface for increased sensitivity [144]. This action might have introduced 

measurement artefacts in the plots. However, not all decay measurements are affected by 

these small oscillations. 

 

 

Figure 5-3: Surface potential decay for non-fluorinated and surface-fluorinated epoxy resin samples 
using negative corona. The fastest decay is observed by F60, followed by F30 and F00. 
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It is known that the surface potential of a homogeneous insulator decays exponentially with 

a time constant, τ, given by: 

τ =  
ε

σ୴ 
 

( 5-1 ) 
 

where ε is the dielectric constant, and σ୴  is the bulk conductivity. This equation applies 

when the potential decay is caused purely by the bulk conduction/polarisation. Meanwhile, 

for the potential decay of a homogeneous insulator surface due to the surface conductions, 

as in the case of surface-fluorinated epoxy resin samples, Crisci et al. [139] proposed 

another model where the time constant is given by:  

τ = (
ܴ

2.41
)ଶ.

ε
݀

 .
1

σୱ 
 

( 5-2 ) 
 

where ܴ  stands for radius of the sample, ݀  stands for thickness of the sample, and σୱ  

stands for surface conductivity of the insulator. However, it is worth to note that the 

proposed model by Crisci et al. cannot be used to numerically evaluate the relationship 

between the decay time constant and the surface conductivity of the surface-fluorinated 

samples because the surface layer and the bulk consist of different materials with different 

conductivity values and different dielectric constants. Nevertheless, from the proposed 

model, it is known that the decay time constant and the surface conductivity value have an 

inverse relationship i.e. decay time is faster when the conductivity is higher. The proposed 

model is in agreement with the obtained results. 

 

5.3 DOUBLE EXPONENTIAL DECAY FIT 

Baum et al. [150] had reported that the single exponential decay equation can be used to fit 

the decay curves for a shorter time and that there is a divergence at a longer period. The 

surface potential decay equation is given by 
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(ݐ)ܸ = ݌ݔ଴݁ܣ ൬−
t

଴ܤ
൰ 

( 5-3 ) 
 

where V(t) is the surface potential at any point of time after a certain decay period, 

parameter ܣ଴  is the initial surface potential at any point of time after charging and 

parameter ܤ଴ is the decay time constant. However, after applying equation 5-3 into the 

surface potential decay experimental results, it was observed that this equation is not 

suitable to represent the decay curves. In another similar work done by Zhuang [144], he 

adopted the double exponential decay analysis, representing the two type of charges inside 

the corona charged material; mobile and trapped.  

 

(ݐ)ܸ = ݌ݔ௠݁ܣ ൬−
t

௠ܤ
൰ + −)݌ݔ௧݁ܣ

t
௧ܤ

) 
( 5-4 ) 

 
 

where ܣ௠  and ܣ௧  represent the amount of mobile charges and trapped charges after the 

removal of the applied voltage, while ܤ௠ and ܤ௧ show the decay time constant of mobile 

charges and trapped charges. He assumed that these two types of charges decay 

simultaneously; mobile charges can easily travel across the sample, and the trapped charges 

stay inside the material for a longer time. Equation 5-4 can be applied for the decay of the 

fluorinated samples as mobile charges can easily move through the more-conductive-

fluorinated layer and should give a faster surface potential decay rate. 
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Figure 5-4: Double exponential decay fitting for F00. The fitted line is the summation of the mobile 
charge exponential component and trapped charge exponential component. 

 

Figure 5-5: Double exponential decay fitting for F60. The fitted line is the summation of the mobile 
charge exponential component and trapped charge exponential component. 
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Parameters from equation 5-4 were calculated by the curve fitting application in MATLAB. 

All the parameters were focused to be positive and the best-fitted result was selected. The 

fitted results and parameters can be found in Table 5-1. Figure 5-4 and Figure 5-5 clearly 

show that equation 5-4 can fit the experimental results very well for both original and 

fluorinated samples, and it can also reveal the detailed change in mobile charges and 

trapped charges with time. The decay process of surface potential is determined by the 

decay of both mobile and trapped charges. The decay of the mobile charges dominates 

during the first 5 to 10 min. After this interval, the surface potential decay is totally 

governed by the trapped charges. Figure 5-6 shows that the number of mobile charges, 

represented by ܣ௠, is increasing with prolonged fluorination time. As the sum of ܣ௠ and 

௧ܣ  is broadly the same for all the samples, the number of deep charges, represented by 

parameter ܣ௧ , shows a decreasing trend as the fluorination time increases. Figure 5-7 

represents the decay speed for both type of charges. It is found that mobile charges always 

decay faster than the trapped charges. By using the fzero function in MATLAB to solve the 

equation, the relaxation time, ௥ܶ (time to reach 1/e of initial potential) for sample F00, F30 

and F60 are 9.79 x 10⁴ s (27.2 h), 4.23 x 10³ s (1.18 h) and 1380 s (0.246 h) respectively. 

 

Sample ࢓࡭ 
࢓࡭

࢓࡭) + ൗ(࢚࡭  ࢚࡭ 
࢚࡭

࢓࡭) + ൗ(࢚࡭  ࢚࡮ ࢓࡮ 

F00 
- 0.126 + 

0.012 

0.05 + 0.01 - 2.66 + 

0.09 

0.95 + 0.06 357 + 

57 

105000 + 

3000 

F30 
- 0.868 + 

0.080 

0.30 + 0.04 - 2.01 + 

0.06 

0.70 + 0.05 277 + 

50 

6450 + 

160 

F60 
- 0.969 + 

0.088 

0.36 + 0.05 - 1.74 + 

0.06 

0.64 + 0.06 187 + 

34 
1550 + 40 

 

Table 5-1: Parameter ࢚࡭ ,࢓࡭, ratios, ࢓࡮, and ࢚࡮ for curve-fitting result of F00, F30 and F60 at 95 
% confidence bounds. The relaxation time, ௥ܶ (time to reach 1/e of initial potential) for sample F00, 
F30 and F60 are 9.79 x 10⁴ s (27.2 h), 4.23 x 10³ s (1.18 h) and 1380 s (0.246 h) respectively. 
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Figure 5-6: Plots of parameters ࢓࡭ and ࢚࡭ for curve-fitting result of F00, F30 and F60. The values 
of ࢓࡭ is increasing while ࢚࡭ is decreasing as the fluorination level increases. 

 

 

Figure 5-7: Plots of parameter ࢓࡮  and ࢚࡮  for curve-fitting result of F00, F30 and F60. Both 
parameters decrease as the fluorination level increases. 
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the physical defects in the fluorinated surface layer. The chemical defects from the surface 

treatment process introduce deep traps that is associated to the number of trapped charges 

on the surface of the fluorinated sample. The physical defects, on the other hand, introduce 

shallow traps that is associated to the number of mobile charges on the surface. From 

Figure 5-6, it can be seen that the number of mobile charges (shallow traps) is increasing 

with fluorination time while the number of trapped charges in deep traps is decreasing, 

indicating the conductivity is increasing with the treatment time. Likewise from Figure 5-7, 

the decrease in time constant ࢓࡮ value as the fluorination degree increases, implies that the 

average trapping level is becoming shallower. The value for time constant ࢚࡮  shows a 

significant decrease from over 10000 s before the fluorination treatment to 6450 s and 2480 

s for F30 and F60 respectively, suggesting an introduction of entirely new level of traps in 

between the shallow and deep traps. However, there is no experimental evidence yet to 

support this claim. When the surface conductivity is high, the decay mechanism through 

field-dependent surface conduction is dominant, hence the fast decay at the start of the 

measurement and slowed down towards the end of the measurement i.e. exponential decay. 

This observation is in line with the work done by Alam et al. [151] in which they reported 

that the enhanced surface conduction intensifies charge spreading along the surface and 

yields a faster potential decay. As for the non-fluorinated epoxy sample which doesn’t 

possess the conductive fluorinated layer, the decay mechanism comes mainly from bulk 

injection and gas neutralisation [152], which are slow processes as compared to surface 

conduction decay through fluorinated layer, hence slow decay. 

 

5.4 DECAY FOR GROOVED SAMPLE 

The surface current measurement and surface potential decay study have shown that the 

newly formed fluorinated layer did play an important role in dispersing the charges away 

due to the increased in conductivity of the surface layer. The surface potential decay 

measurement was again repeated, this time using ‘grooved’ samples. The samples were 

prepared by cutting a chunk off the top surface layer (as illustrated in Figure 5-8) in order 

to cut off the conductive path of the fluorinated layer. In doing so, this test should confirm 
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the decay path taken (either through the bulk or on the surface) by the corona-deposited 

charges on the fluorinated surface of the epoxy resin.  

 

It is proven from DC current measurement that the difference in conductivity value 

between the fluorinated layer and epoxy layer will dictate the movement of charge either 

along the surface or through the bulk. The fluorinated samples should allow more charges 

to be channelled away via the more-conductive-fluorinated layer to the ground. By simply 

using a razor, four fine lines were cut 3 mm away from each four edges of the surface-

fluorinated epoxy samples. The lines were made deep enough to penetrate into the bulk 

and, thus, cutting off the fluorinated path, leaving an isolated fluorinated layer on top of the 

epoxy sample. As the decay path along the fluorinated layer is compromised, the grooved 

samples should show a slower surface potential decay characteristic because the remaining 

decay route is through the bulk and bulk conduction is comparably a slow process. The 

same steps as previous surface potential decay measurements were repeated. The results 

were compared with the potential decay of the original samples. Similar to previous 

experimental setup, the needle and grid voltage were set to -16 kV and -5 kV respectively. 

For ease of presentation from now onwards, the absolute value of the surface potential is 

used in the decay plot. 

 

Figure 5-8: Cross-section view of a grooved sample. Red marks are the place where chunks of 
fluorinated layer were cut off in order to isolate the trapped charge on the surface 
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Figure 5-9: Surface potential decay for original, fluorinated, grooved samples and the fitted lines. 
The grooved sample exhibit slower decay with respect to the corresponding fluorinated sample, but 
not as slow as F00 sample. 

 

In order to established the relationship between the samples here with the samples for 

preliminary measurement, the parameters in Table 5-2 are compared with the parameters in 

Table 5-1. The ratios of pre-exponential ࢓࡭ and ࡭௧ for F00 and F30 samples are largely 

similar. However, the ratios of ࢓࡭  and ࡭௧  for the F60 samples are slightly different, 

presumably due to F60 sample in this experiment absorbed more surface moisture, thus 

higher number of mobile charges. Such observation is not seen in the case of F00 and F30. 

The values of parameter ࢓࡮ are broadly the same between the two tables for each samples. 

As for parameter ࢚࡮, there is a clear difference in the time constant associated with the two 

F00 samples, as well as F30 samples. The two F60 samples have broadly the same value of 

time constant ࢚࡮. In theory, the values of parameter ࢚࡮ should be broadly the same between 

each samples since the physicochemical state between these pairs should be the same. The 

difference in the time constant values can be attributed to the inconsistency in the 

measurement technique, or alternatively, because of environmental influences. As 

mentioned earlier, the surface decay performance is highly influenced by environmental 

factors.  
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The result from Figure 5-9, in general, shows a slower decay rate for the grooved samples 

as well as the decay of non-grooved samples. For simplification, the absolute value for 

surface potential is used to represent the result. Supposedly, the decay rate for the grooved 

sample should be as slow as the original F00 sample because the fluorinated layer that 

supposed to channel the deposited charges to the ground was cut off, thus, limit the charge 

decay through the surface. This action should result in the deposited charges being trapped 

on the isolated surface, unable to move towards ground. However, the decay for both 

grooved-fluorinated samples are not at the same rate as the original F00 sample, because (i) 

there still exist a small area of the fluorinated surface (3 mm from the edges) that was 

connected the ground electrode through the fluorinated channel, and (ii) the groove did not 

totally block the current flowing through the surface, instead, it just adds resistance on the 

surface. The groove still permits some deposited charges to go through towards ground 

and, therefore, alter the surface decay rate. 

Sample ࢓࡭ 
࢓࡭

࢓࡭) + ൗ(࢚࡭  ࢚࡭ 
࢚࡭

࢓࡭) + ൗ(࢚࡭  ࢚࡮ ࢓࡮ 

F00 
0.108 + 

0.010 

0.05 + 0.01 2.14 + 

0.07 

0.95 + 0.07 375 + 

68 

85500 + 

2000 

F00g 
0.098 + 

0.009 

0.04 + 0.01 2.17 + 

0.07 

0.96 + 0.06 400 + 

64 

101000 + 

2000 

F30 
0.896 + 

0.081 

0.32 + 0.04 1.92 + 

0.05 

0.68 + 0.05 192 + 

35 
1490 + 31 

 F30g 
0.828 + 

0.076 

0.30 + 0.04 1.95 + 

0.07 

0.70 + 0.06 256 + 

41 
7040 + 171 

F60 
1.17 + 

0.11 

0.48 + 0.07 1.29 + 

0.04 

0.52 + 0.05 178 + 

32 
1180 + 30 

F60g 
1.11 + 

0.10 

0.45 + 0.07 1.34 + 

0.04 

0.55 + 0.05 200 + 

32 
3750 + 92 

Table 5-2: Parameter ࢚࡭ ,࢓࡭, ratios, ࢚࡮ ,࢓࡮ and ࢘ࢀ for curve-fitting result of F00, F30, F60 and the 
corresponding grooved samples at 95 % confidence bounds. The grooved sample exhibit slower 
decay constants with respect to the corresponding fluorinated sample, but not to the value of F00 
sample. 
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From Table 5-2, the pre-exponential value of ܣ௠  for the grooved samples is slightly 

reduced as compared to the un-grooved samples in each fluorination level indicating a 

reduction in charge mobility as the groove is introduced onto the samples. The changes in 

time constants value of both ܤ௠ and ܤ௧, in theory, would suggest changes in the average 

trapping level. However, this is not the case for these grooved samples as the introduction 

of groove on the surface of the sample would not alter the physicochemical structure of the 

material and, thus, would not change the time constants associated with the shallow and 

deep trapping level. The introduction of grooves simply adds extra resistance to the charge 

movement on the sample surface. 

 

5.5 PEA METHOD 

From the surface potential decay measurements, a big question arises on the dominant 

decay mechanisms of the deposited charges. It is well documented that there are three 

mechanisms that govern surface charge decay, which are (i) bulk conduction/polarisation, 

(ii) diffusion along the surface and (iii) neutralisation by ion present in the gas volume 

above the sample surface [153]. Zehira et al. [154] reported that atmospheric neutralisation 

plays a negligible role in the surface potential decay process on insulation surface. The 

neutralisation by surrounding ion may not be significant as all tests are conducted at the 

same atmospheric condition in a controlled environment, leaving the possibility of surface 

charge decay mechanisms to be through bulk conduction or along the surface. Hence 

another measurement tool, the pulsed electroacoustic (PEA) method, was carried out to see 

the movement of space charges, which will help to determine the exact nature of the decay 

mechanism. 

 

PEA method was utilised to observe the space charge behaviour inside the surface-

fluorinated epoxy sample, as well as the non-fluorinated epoxy sample. The Pulsed 

Electroacoustic Non-destructive Test System (PEANUTS) instrument was used for the 

space charge measurement. A voltage of 7 kV was applied to samples of approximately 

300 μm thickness (23.34 V mm¯¹) at room temperature for 120 min. At each time interval, 
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a pulse (width 5 ns, voltage 600 V, and frequency 400 Hz) was applied to generate acoustic 

pulses from the stored charges within the dielectrics for measurement purposes. After 120 

min, the voltage supply was turned off, and the decay measurement was taken at each time 

interval to see the decay characteristics. Calibration was made using LabVIEW to filter out 

the background noise. 

 

 

Figure 5-10: Charge build-up in non-fluorinated epoxy resin sample at 7 kV (23.34 V mm¯¹) for 
120 min. Homocharge build-up can be seen near cathode at position A 
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Figure 5-11: Charge decay in non-fluorinated epoxy resin sample for 60 min when the voltage 
source is removed. Fast dissipation of injected charges implies that there is a fast de-trapping 
process going on. 

 

 

 

Figure 5-12: Charge build-up in 60-min-surface-fluorinated epoxy resin sample at 7 kV (23.34 V 
mm¯¹)  for 120 min. No apparent charge build-up can be seen at anode nor cathode. 
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Figure 5-13: Charge decay in 60-min-surface-fluorinated epoxy resin sample for 60 min when the 
voltage source is removed. Fast dissipation of injected charges implies that there is a fast de-
trapping process going on. 

 

 

Figure 5-14: Charge build-up in 120-min-surface-fluorinated epoxy resin sample at 7 kV (23.34 V 
mm¯¹) for 120 min. Small heterocharge build-up can be seen near anode at position B. 

 

-10

-5

0

5

10

-30 135 300

C
ha

rg
e 

d
en

si
ty

 (
C

/m
³)

Thickness (µm)

1min

3min

5min

60min

-40

-20

0

20

40

-30 135 300

C
h

ar
ge

 d
en

si
ty

 (
C

/m
³)

Thickness (µm)

0min

1min

3min

5min

60min

120min

B



95 

 

 

Figure 5-15: Charge decay in 120-min-surface-fluorinated epoxy resin sample for 60 min when the 
voltage source is removed. Fast dissipation of injected charges implies that there is a fast de-
trapping process going on. 

 

 

Figure 5-16: Charge build-up in 180-min-surface-fluorinated epoxy resin sample at 7 kV (23.34 V 
mm¯¹)  for 120 min. Heterocharge build-up can be seen near anode (D) and cathode (C). 
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Figure 5-17: Charge decay in 180-min-surface-fluorinated epoxy resin sample for 60 min when the 
voltage source is removed. Fast dissipation of injected charges implies that there is a fast de-
trapping process going on. 

 

5.5.1 DISCUSSIONS 

From the obtained PEA data for non-fluorinated epoxy resin sample (F00) in Figure 5-10, it 

is evident that there is a small amount of homocharges (negative charges) injected from the 

cathode during the 120 min of charging period (position A). The injected charges are 

trapped and remained in the vicinity of the cathode electrode, as depicted in Figure 5-18. 

There is no internal space charge accumulation detected by the PEA within the bulk of the 

epoxy samples. The presence of homocharges at the cathode reduces the local electric field 

and, therefore, suppresses further charge injections. Similar observations about the space 

charge behaviour on epoxy resin have been reported elsewhere. Iizuka et al. [155] had 

reported that there was no internal space charge in pristine epoxy resin and that the charges 

appeared close to the vicinity of the electrodes. Another report by Fukunaga et al. [156] 

suggested that homocharges accumulated near the electrodes and that no internal space 

charge was observed at other locations within the bulk of the epoxy resin. The 

accumulation of homocharges in the vicinity of electrodes was also observed in the work of 

Dissado et al. [157]. From the decay data in Figure 5-11, the fast dissipation of injected 

charges after voltage removal implies that there is a fast de-trapping process going on and 

the charges are extracted at the neighbouring electrode. Dissado et al. also stated that the 

space charge decay is dominantly governed by the de-trapping mechanism from traps with 

-10

-5

0

5

10

-30 135 300

C
ha

rg
e 

d
en

si
ty

 (
C

/m
³)

Thickness (µm)

1min

3min

5min

60min



97 

 

a depth range from 0.94 to 1.15 eV and to be extracted at the neighbouring electrode during 

the decay process. It is important to note that all the samples under investigation possess 

high glass transition temperature ௚ܶ  (128 °C from DSC measurement) while the PEA 

measurements were performed at room temperature. Under this experimental condition, the 

epoxy samples were deep in their glassy state and, therefore, the polarisation and 

movement of charges from impurities present in the material will be restricted. 

 

From the PEA data of the 60-min-surface-fluorinated epoxy resin sample in Figure 5-12, 

there is no clear evidence of formation of either heterocharge or homocharge near the 

surface of the epoxy resin sample as in the previous case of F00. This observation can be 

explained by the cancellation of net charge density from the injection of opposite charges 

into the surface. As opposed to the non-fluorinated sample, the thin surface-fluorinated 

layer on the 60-min-surface-fluorinated sample presumably suppresses the injection of 

homocharges from anode and cathode, as illustrated in Figure 5-19. Due to the limitation of 

the PEA measurement system that can only measure the net charge density, the reduced 

injection of homocharges cancels out the presence of induced heterocharge that 

accumulates near the vicinity of both anode and cathode. The formation of heterocharges 

inside epoxy resin sample may come from the usage of additives during the curing process 

and from the impurities within the sample itself. The net cancellation of charges may 

explain the non-formation of charges near the vicinity of anode and cathode during the 

voltage-on measurement. Similar to the non-fluorinated sample, there is no internal space 

charge observed at other locations within the bulk of the sample, which implies that the 

injected charges cannot gain enough energy to transit to the opposite electrode in the glassy 

state, in which the molecular mobility was severely restricted. When the voltage is removed 

after the 120 min of charging time, the fast dissipation of the injected homocharges (as seen 

in Figure 5-13) implies that, there is a fast de-trapping process going on from the 

distribution of shallow traps near the surface of the samples, only to be extracted at the 

neighbouring electrode [158]. Direct-fluorination treatment remarkably introduces traps in 

the surface layer, as discussed in detail in the characterisation tests. When the charges are 

effectively trapped, they may block and suppress further charge injection from the 

electrodes into the surface layer. Similar observation regarding the blocking of charge 
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injection is observed in the work of An et al. [43] on linear low density polyethylene 

(LLDPE). 

 

As the fluorination duration increases, and the fluorination layer gets thicker, the blocking 

of charge injection becomes more dominant since there would be more filled traps to 

suppress further injection, as illustrated in Figure 5-20. For the 120-min-surface-fluorinated 

epoxy sample, F120 (as in Figure 5-14), a small amount of induced heterocharges is seen in 

the vicinity of the anode as more charge injections are blocked into the surface layer 

(position B). Meanwhile, from the PEA waveform in Figure 5-16 for the 180-min-surface-

fluorinated epoxy resin sample, F180, there is a small amount of induced heterocharges 

near the surface of both electrodes (position C and D), mainly at cathode, as most of the 

injected charges are blocked from entering the surface layer. The accumulation of 

heterocharges increases with the time of the applied voltage. This is because the treated 

layer from direct-fluorination treatment is believed to have a suppression effect, which 

limits charge injection from the electrodes and into the epoxy resin samples. As in previous 

cases, no internal space charge is observed at other locations within the bulk of the thick-

surface-fluorinated epoxy. Furthermore, any ionic conduction is extremely slow due to a 

limited fluctuation of chain segments at this temperature. Therefore, the contribution of 

space charge transit across the bulk cannot be observed [159]. 

 

Figure 5-18: A schematic of non-fluorinated epoxy sample in PEA measurement. Charges can 
easily move into the untreated epoxy from the electrodes. 
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Figure 5-19: Schematic of treated epoxy sample with fluorinated layer in PEA measurement. The 
number of injected charges is reduced due to the suppresion-effect of the fluorinated layer. 

 

 

Figure 5-20: Schematic of treated epoxy sample with thick fluorinated layer in PEA measurement. 
Charges are blocked from being injected into the sample due to the thick fluorinated layer. 

 

In relation to the surface potential decay measurement, the dominant decay mechanism is 

believed to be conduction along the surface of the epoxy resin sample. This is because the 
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surface fluorination layer acts as a shield and blocks charge injection into the bulk, as 

explained earlier from the PEA data, i.e. it is not possible for the decay to be through the 

bulk. Furthermore, as the epoxy is in a glassy state, the charge movement is severely 

restricted and, therefore, the only logical path for the decay mechanism is through the 

surface conduction. It is important to note that for the non-fluorinated epoxy resin sample, 

the decay rate from the PEA measurement (fast) is totally different from the decay rate of 

surface potential decay test (very slow). This is because, in PEA measurement, the 

neighbouring electrode was attached to the surface of the sample all the time throughout the 

decay measurement. The de-trapped charges from the surface can easily be extracted via 

the neighbouring electrodes [157]. Meanwhile in the surface potential decay test, there is 

no neighbouring electrode in the experimental set-up, and the nearest 

neutralisation/extraction point for the de-trapped charges is through the slow bulk 

conduction, hence the slow decay rate. 

 

5.6 CHAPTER SUMMARY 

The direct-fluorinated epoxy resins were subjected to surface potential decay test with 

negative corona discharge in order to investigate the dielectric performances of the 

insulation material. With the increase in fluorination time, substantial increase in the decay 

rate of the surface potential is observed due to the increase in the surface current when 

compared to non-fluorinated epoxy. From the surface potential decay measurement, a big 

question arises on the dominant decay mechanisms of the deposited charges. It is well 

documented that there are three mechanisms that govern surface charge decay; (i) bulk 

conduction/polarisation, (ii) diffusion along the surface and (iii) neutralisation by ion 

present in the gas volume above the sample surface. The experiment with the grooved 

sample proved that the decay path is highly dependent on the fluorinated surface layer. 

From the PEA data of the surface-fluorinated epoxy sample, a large amount of 

heterocharges is observed near the vicinity of both electrodes, which is not seen in the PEA 

data of non-fluorinated sample. This is because the introduction of the direct-fluorinated 

surface layer is believed to have suppression effect, which restricts charge injection into the 

epoxy resin sample. Therefore, it is fitting to believe that the dominant mechanism that 

governs the decay process in fluorinated sample is through conduction along the surface. 
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6 CHAPTER SIX: MOISTURE ABSORPTION STUDY 
 

 

Surface fluorination treatment has proven to be an effective tool in enhancing the dielectric 

properties of insulating materials. This surface treatment improves the surface conductivity 

value and enhances the surface potential decay rate, which in turn help to prevent the 

accumulation of surface charge and consequently improve the surface breakdown strength 

of epoxy resin. However, the author suspected the introduction of the fluorinated layer on 

top of epoxy samples may have the capacity to absorb moisture from the environment. The 

dielectric improvements by the fluorination treatment may not only come from the fluorine 

layer itself, but also from the absorbed moisture in the surface layer. Although 

fluoropolymer surfaces are known to exhibit repellency towards both polar and apolar 

liquids (e.g. water and oil) [160, 161], there are instances when fluorination treatment turns 

treated surfaces into hydrophilic [162, 163]. 

 

In practical applications, the presence of absorbed water in insulation materials is 

unavoidable and could have a negative impact on dielectric properties. In truth, moisture 

absorption has been reported in the literature to be linked with epoxy resin and its 

composites [164-166]. Popineau et al. [167] stated that molecular water with strong 

interactions diffuses into the epoxy resin and after some time, the interaction sites for 

molecular water become saturated i.e. absorption reaches quasi-equilibrium. The absorption 

process resumes until the water molecules filled all the micro-voids, i.e. real equilibrium. In 

general, there are two types of moisture absorption; physically-bound, and chemically-

bound water. Physically-bound water involves molecules occupying free volume in the 

network or is weakly attached to the polymeric chains. For this type of bound, molecular 

water can be removed from the samples by applying heat for a certain period. On the other 

hand, chemically-bound water molecules may attach firmly to an epoxy network due to 

their strong interaction with particular moieties. Although some studies on surface 
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treatment have been proven to limit moisture absorption [168, 169], the presence of 

molecular water in epoxy resins is inevitable.  

 

From the DC current measurement in the previous chapter, an increase in surface current is 

observed as the fluorination time increases. In addition to the increase in number of shallow 

traps on the surface, the absorbed moisture on the surface may also contribute towards the 

increase in the surface current reading. The same observation can be seen in surface 

potential decay measurement in which the surface-fluorinated samples of extended time 

decay faster. In order to test the role of the absorbed-physically-bound surface moisture 

towards the surface conductivity, an experimental procedure was designed which involves 

the investigation of the surface current measurement and decay rate with and without the 

absorbed surface moisture. For that reason, a set of fluorinated samples were left at ambient 

surrounding until the weight of each sample is stable i.e. the samples is in real equilibrium 

and do not absorb anymore surrounding moisture. Subsequently, the surface moisture was 

forcefully dried using vacuum-oven at high temperature. Measurements for weight, surface 

current and surface potential decay were taken before and after the drying process for both 

original and fluorinated samples. It is important to note that, while the absolute surface 

current values differ for each sample, these variations fall within experimental 

uncertainties. The poor reproducibility of test data is, however, a common issue with 

current measurements [135]. Due to the variations in each measurement, the average data 

over two samples were plotted in the graph for a more accurate representation of the data. 

An example is shown in Figure 6-1 for the F00 data before the drying treatment, that was 

an average value of F00 sample 1 and F00 sample 2. For simplification, only the average 

measurement values are used to represent the data in this study. 
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Figure 6-1: Plot of the average of two samples for a more accurate representation of the surface 
current measurement data. In this example, the average value of F00 Sample 1 and 2 is used for F00 
Day 0. 

 

 

6.1 SURFACE DC CURRENT TEST 

One sure way to forcefully remove the physically-bound moisture from the surface is to 

vacuum-dry the sample at high temperature. For this reason, the samples were put in a 

vacuum-oven at 105 °C for a duration of 24 hours. The samples were weighed, and 

readings for the surface DC current were taken before and after the drying process. To 

measure the weight, Sartorius Microbalance MC210P was used throughout this experiment 

that has a readability value of 0.01 mg. Table 6-1 shows the weight of the samples before 

and after drying.  
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 Weight before 

drying 

Weight after 

drying 

Percentage weight loss 

F00 0.4551 + 0.0016 g 0.4529 + 0.0009 g 0.48 % 

F60 0.4563 + 0.0021 g 0.4531 + 0.0011 g 0.71 % 

Table 6-1: Samples weight before and after oven-drying for DC current test. The weight lost after 
drying in F60 is bigger than F00 because there is more moisture being absorbed in fluorinated 
surface 

 

Figure 6-2 shows plots of the time dependence of resulting current for the non-fluorinated 

sample (F00) and the 60-min-surface-fluorinated sample (F60). The experimental setup 

was done at a constant applied DC voltage of 5 kV across the 8 mm gap over 60 min at 

room temperature. The value of the measured current drops significantly in the transient 

phase and settles down after ~300 s in the steady state phase.  

 

 

Figure 6-2: Plot of current against time for vacuum-oven-dried non-fluorinated (F00) and 60-min-
surface-fluorinated (F60) epoxy sample. After 1 day of drying, F60 shows current measurement 
almost similar to F00 
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For the non-fluorinated sample (F00), the weight loss due to the drying process is 0.48 % 

and is reflected in the surface current measurement. There is a slight reduction in the 

surface current reading after the 24-hours-drying-process with the final current value at 

7.03 x 10-¹² A, down from 9.43 x 10-¹² A the day 0. For the 60-min-surface-fluorinated 

sample (F60), the weight loss was higher at 0.71 % due to larger moisture content on the 

surface. The oven-dried fluorinated sample shows a significant reduction in surface current 

reading after the drying treatment. The final current reading before drying is 2.47 x 10-¹¹ A 

and the current drops to 1.02 x 10-¹¹ A after. Although the reduction in current magnitude at 

the end of 60 min does not fully reflect the percentage weight loss of moisture for the two 

samples, such observation is not without precedent. It is believed that the moisture loss in 

F00 mainly comes from the bulk, therefore, has a minimum influence on surface current. 

Consequently, the reduction in current after drying is small as shown in Figure 6-2. This is 

because, when the non-fluorinated sample F00 initially became saturated with ambient 

moisture, water would uniformly occupy the free-space within the volume/bulk of the 

sample. When F00 sample was dried, the water would uniformly escape from the sample. 

As the bulk has far bigger volume than the surface, therefore, most of the moisture lost in 

F00 comes from within the bulk. As for the fluorinated sample F60, since this sample 

possesses extra fluorinated layer that has good wettability value and small water contact 

angle, more moisture was trapped within the surface layer. When F60 was dried, most of 

the moisture lost would come from the surface. However, there is no experimental evidence 

to support this claim. On the other hand, at least 0.23 % of moisture loss in F60 comes from 

the surface that may have a major impact on surface conductivity of the sample. 

Consequently, a large drop in current at the end of 60 min is expected because of the large 

reduction in surface moisture. Judging from this result, the surface current for the dried 

fluorinated sample is very close to that of an untreated sample for times greater than 1000 

s. This observation suggests that the role of absorbed moisture has far outweigh the role of 

physicochemical change as a direct result from the fluorination treatment. The presence of 

absorbed water is essential in the improvement of the dielectric properties in the treated 

material. However, in this project, no experimental work has been done to independently 
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measure the number of water molecules in order to estimate the water concentration, which 

need to be investigated in the future work. 

 

Looking at Figure 6-2, the surface current plot for day 0 and day 1 samples are observed to 

be in quasi-equilibrium with ambient humidity after 1000 s. Real equilibrium with 

surrounding moisture would take much longer than the duration of measured data. By 

determining the ratio of additional surface current at day 1 to day 0 for both treated and un-

treated samples at a time after quasi-equilibrium is reached, the proportion of current due to 

presence of absorbed water can be determined, as well as the proportion of current due to 

dry fluorinated layer. At quasi-equilibrium point of 2000 s, the proportion of current due to 

the dry fluorinated layer is: 

′1 ݕܽܦ 00ܨ1ᇱ−ᇱ ݕܽܦ 60ܨ′
′1 ݕܽܦ 00ܨ′

= 0.28 

Likewise, the proportion of current due to presence of absorbed water for F00 sample at 

2000 s is: 

′1 ݕܽܦ 00ܨ0ᇱ−ᇱ ݕܽܦ 00ܨ′
′1 ݕܽܦ 00ܨ′

= 0.15 

The proportion of current due to presence of absorbed water for F60 sample at 2000 s is: 

′1 ݕܽܦ 60ܨ0ᇱ−ᇱ ݕܽܦ 60ܨ′
′1 ݕܽܦ 00ܨ′

= 1.34 

From this simple calculation, it can be deduced that the proportion of current due to the 

presence of absorbed water in the case of F60, far outweigh the proportion of current due to 

dry fluorinated layer by 1.34 to 0.28. However, this is not true for the case of the original 

F00 sample, which only have a proportion of 0.15, due to the lack of moisture assisted 

charge movement. Similarly, by using the same approach at the beginning of the plot, 

before the system reach quasi-equilibrium, for example at 400 s, the proportion of current 

due to dry fluorinated layer is calculated to be 0.28, the same value as after quasi-

equilibrium is reached, implying that the conduction of current due to fluorine layer per se 
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is not effected by absorb moisture. The proportion of current due to presence of absorbed 

water for F00 and F60 at 400 s are 0.06 and 0.82 respectively. Again, a similar pattern can 

be seen here with the current due to the presence of absorbed water in F60 far outweigh the 

current due to dry fluorinated layer, albeit at a smaller degree. 

 

To represent the current-time characteristic of the measured surface current, the same 

power law fitting is used as previously used in the bulk current measurement (Equation 4-

3). For consistency, only the first 300 s of the data is fitted and the parameters are shown in 

Table 6-2. From the fitting parameters, for both samples, the fitted values for exponential 

 can be regarded as common before and after the drying process, while the value for ࢙࢈

parameter ܣ௦  decreases at day 1. The common value of exponential ࢙࢈  implies that the 

polarisation mechanism during transient current phase remain the same before and after the 

drying process. As listed in [170], these mechanisms include dipole orientation and charge 

injection forming trapped space charge. The removal of absorbed moisture through drying 

would not change the polarisation of bonds in the system, nor would it change the 

distribution of traps in the material, hence the common value of exponential ࢙࢈ . 

Nonetheless, the removal of absorbed moisture from the surface would certainly reduce the 

moisture-assisted charge injection and, therefore, the reduced values for parameter ܣ௦ after 

the drying process for both F00 and F60 samples. 

 

Sample ࢙࡯ ࢙࢈  ࢙࡭ 

F00 Day0 1.96 x 10ିଵ଴ + 0.36 x 10ିଵ଴ 0.363 + 0.044 9.32 x 10ିଵଶ + 2.38 x 10ିଵଶ 

F00 Day1 1.89 x 10ିଵ଴ + 0.27 x 10ିଵ଴ 0.356 + 0.035 7.23 x 10ିଵଶ + 1.84 x 10ିଵଶ 

F60 Day0 2.61 x 10ିଵ଴ + 0.79 x 10ିଵ଴ 0.371 + 0.070 2.48 x 10ିଵଵ + 0.09 x 10ିଵଵ 

F60 Day1 1.9 x 10ିଵ଴ + 0.36 x 10ିଵ଴ 0.362 + 0.045 1.03 x 10ିଵଵ + 0.04 x 10ିଵଵ 

Table 6-2: Parameter ࢙࢈ ,࢙࡭ and ࢙࡯  of curve-fitting on first 300 s data for F00 and F60 epoxy 
samples dried in vacuum-oven for 24 h at 95 % confidence bounds 
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To established relationship between the saturated samples and the samples in preliminary 

surface current measurement, Figure 6-2 is compared against the preliminary measurement 

in Figure 4-14. The preliminary result shows a lower surface current value for both F00 and 

F60 (5.66 x 10-13 A and 5.03 x 10-12 A respectively). The increase in surface current 

measurement in this moisture test is a direct result from water absorption as the samples 

were left at ambient surrounding until the water content on the surface is in equilibrium 

with atmosphere. Even after the drying process, the surface current for F00 and F60 went 

down significantly, but not to the level of preliminary surface current measurement. The 

higher surface current measurement, even after the drying process could be attributed to the 

nature of surface current measurement itself. During the surface current measurement, 

although it is assumed that all current flows on the surface, there exist a fraction of current 

that flows through the un-dried bulk. Since the drying treatment may have dried the surface 

only and not the bulk, therefore, this surface current measurements yield a comparably 

higher measurement values than preliminary measurement. Alternatively, such observation 

could be attributed to the existence of chemically-bound water molecules that attached 

firmly to the hydrophilic groups in epoxy network and cannot be removed by heat 

application [106, 171]. The drying process can only remove the physically-bound water 

that diffuses into microvoids or free volume near the surface of the epoxy. It is also worth 

to point out that, from Figure 4-14, there is an increase in surface current value for F60 

sample that is attributed to absorbed moisture. However, such observation is not seen in the 

plot of F60 day 1 sample in Figure 6-2. The dried F60 samples is expected to exhibit an 

increase in surface current value due to moisture absorption, similar to the F60 plot in 

Figure 4-14. As both measurements were done at ambient condition, one logical 

explanation for this observation can be attributed to the relative humidity level during the 

measurement. Although the value of relative humidity is not recorded, it is fitting to assume 

that the measurement for Figure 6-2 was done in a relatively low humidity condition, hence, 

the slow rate for surface water absorption. The work done by Zou et al. [172] confirmed 

that the rate for water absorption in epoxy samples increased with the increase in relative 

humidity. 
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6.2 SURFACE POTENTIAL DECAY 

A similar set of procedures was performed for surface potential decay test using negative 

corona discharge. The samples were put in a vacuum-oven at 105 °C for 24 hours. The 

samples were weighed, and readings for surface potential decay were taken before and after 

the drying process. During the drying process, the epoxy samples were wrapped in 

conducting aluminium sheet to short-circuit/neutralise any accumulating charges between 

the top and bottom surfaces. Table 6-3 shows the weight of the samples before and after 

treatment for surface potential decay test. 

 

 Weight before 

drying 

Weight after 

drying 

Percentage weight loss 

F00 0.4245 + 0.0012 g 0.4227 + 0.0023 g 0.42 % 

F60 0.4485 + 0.0038 g 0.4455 + 0.0027 g 0.66 % 

Table 6-3: Samples weight before and after oven-drying for potential decay test. The weight lost 
after drying in F60 is more than F00 because there is more absorbed moisture in the fluorinated 
surface. 

 

Figure 6-3 shows the surface potential decay rate for the non-fluorinated sample (F00), and 

the 60-min-surface-fluorinated sample (F60). For the non-fluorinated sample (F00), the 

weight loss due to the drying process is 0.42 %. The vacuum-oven-dried non-fluorinated 

sample shows a slight reduction in surface potential decay rate with the final potential 

reading at 2.61 kV, up from 2.45 kV before the drying process. In the case of 60-min-

surface-fluorinated sample (F60), the weight loss for the oven-dried epoxy sample was 

higher at 0.66 % due to the larger surface moisture loss. The dried F60 sample experienced 

a massive reduction in surface potential decay rate. The final surface potential value before 

drying is 0.65 kV, and the potential rises to 2.45 kV after, similar to the value of the non-

fluorinated sample. Again, a similar pattern can be seen here with the decay rate of F60 

sample and simply proves that the presence of absorbed moisture on the surface is 
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considered to be the limiting factor in the improvement of decay performance of dielectric 

materials. 

 

 

Figure 6-3: Potential decay rate for oven-dried non-fluorinated (F00) and 60-min-surface-
fluorinated (F60) epoxy sample. After 1 day of drying, F60 shows decay performance almost 
similar to F00 

 

To represent the surface potential decay data, the double exponential equation from 

Equation 5-4 is used. The fitting parameters ࢚࡭ ,࢓࡭, ratios, ࢓࡮, and  ࢚࡮ as well as the 

relaxation time, ࢘ࢀ (time to reach 1/e of initial potential) are shown in Table 6-4. From the 

curve-fitting result, the un-dried sample of F60 only need 0.370 h (22.2 min) to reach 1/e of 

its initial value, while the dried sample of F60 need more than 20 h.  

 

From the ratios of pre-exponential parameters ࢓࡭ and ࢚࡭ in Table 6-4, for F60 sample, it 

can be seen that the ratio of mobile charges decreases from 0.39 to 0.04 after drying, while 

the number of trapped charges increased from 0.61 to 0.96. This behaviour is not seen in 

the F00 sample in which the ratios of parameters ࢓࡭  and ࢚࡭  remain broadly the same 
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before and after drying. As for the decay parameters of ࢓࡮ and ࢚࡮, there seems to be an 

overall increase of these time constants after drying, indicating slower decays for both F00 

and F60 samples due to lack of moisture assisted movement. The increase in decay time 

constants in F60 are significant, but not to the level of values seen in F00. The increase of 

time constant value at day 1, unlike the explanation given in Chapter 5, does not mean that 

the average trapping level is becoming deeper. Removal of physically-bound absorbed 

moisture from the surface does not change the physicochemical state of the samples. It 

does, however, reduce the mobility of water molecules and, hence, longer decay constants.  

 

Sample ࢓࡭ 
࢓࡭

࢓࡭) + (࢚࡭
 ࢚࡭ 

࢚࡭

࢓࡭) + (࢚࡭
 ࢚࡮ ࢓࡮ 

 ࢘ࢀ

F00 Day0 
0.0980 + 

0.009 

0.04 + 0.01 2.54 + 

0.06 

0.96 + 

0.009 

529 + 

85 

99000 + 

2000 

26.7 h 

F00 Day1 
0.101 + 

0.009 

0.04 + 0.01 2.69 + 

0.07 

0.96 + 

0.009 

538 + 

97 

101000 + 

2000 

27.2 h 

F60 Day0 
1.14 + 

0.15 

0.39 + 0.08 1.77 + 

0.05 

0.61 + 

0.009 

190 + 

30 

2640 + 

100 

0.370 h 

F60 Day1 
0.116 + 

0.010 

0.04 + 0.01 2.60 + 

0.06 

0.96 + 

0.009 

410 + 

74 

76300 + 

2000 

20.1 h 

Table 6-4: Parameter ࢚࡭ ,࢓࡭, ratios, ࢚࡮ ,࢓࡮ and ࢘ࢀ of curve-fitting result for F00 and F60 epoxy 
samples dried in vacuum-oven for 24 h at 95 % confidence bounds 

 

To established relationship between the saturated samples and the samples in preliminary 

decay measurement, the parameters in Table 6-4 are compared with the parameters in Table 

5-1. The ratios of pre-exponential ࢓࡭ and ࡭௧ for F00 samples are largely similar. However, 

the ratios of ࢓࡭ and ࡭௧ for the F60 samples are slightly different, presumably due to F60 

sample in this experiment being in equilibrium with surrounding moisture at day 0. As for 

parameter ࢓࡮, there is a clear difference in the time constant associated with the two F00 

samples; the time constant for the F00 Day0 sample is larger (529 and 357 respectively). 

However, parameter ࢓࡮  is not significant in the decay of F00 samples as the ratio for 



112 

 

mobile charges is only 0.04. The decay of F00 samples largely depend on the value of 

parameter ࢚࡮, which are broadly the same in both tables. The values for the time constant 

 ,for the F60 and  F60 Day0 shows a slight difference (1550 and 2640 respectively) ࢚࡮

while the values of time constant ࢓࡮ are largely similar. In theory, the values of parameter 

 should be broadly the same between F00 and F00 Day 0, also between F60 and ࢚࡮ and ࢓࡮

F60 Day 0 since the physicochemical state between these pairs should be the same. The 

difference in the time constant values can be attributed to the inconsistency in measurement 

technique, or alternatively because of environmental influences. As mentioned earlier, the 

surface decay performance is highly influenced by environmental factors.  

 

Nevertheless, from the surface current measurement and potential decay results, it is 

obvious that the absorbed moisture in fluorinated samples has significant influences on 

both current value and decay rate. One underlying explanation for this observation is in the 

differences in the mobility of water molecules attached to each surface. From a similar 

study by Law et al. [173], they stated that the presence of water molecules by themselves is 

not enough to produce a change in surface conductance, but there had to be sufficient water 

for the molecules to be mobile and, hence increase the conductivity value from translational 

motion. In the case of the non-fluorinated surface layer, the slow decay process only 

happened dominantly due to ions present on the surface. Although there is a small amount 

of absorbed water on the surface, it is not enough for the water molecules to be mobile. 

Unless the surface is completely covered with water molecules, the molecules are rather 

strongly bound to the surface by interaction with the solid. Meanwhile, as the surface is 

sufficiently covered with water molecules, (as believed to be the case in the fluorinated 

samples) the water molecules may become mobile. Therefore, not only the number of ions, 

but also their average mobility will increase with the amount of absorbed water. Hence, the 

fast decay rate for surface-fluorinated epoxy sample before the drying process due to 

moisture assisted charge movement. After the drying process, it is believed that the surface 

is no longer sufficiently covered with water molecules, and, therefore, the mobility of the 

charges is severely restricted. Hence the slow decay rate similar to non-fluorinated sample. 
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6.3 NITROGEN-DRIED TEST 

Drying the sample in a vacuum-oven at a temperature of 105 °C for 24 hours is an extreme 

measure to remove the moisture from the surface. A significant weight loss up to 0.71 % 

was recorded within 24 hours of drying. Surface moisture loss of this extent is unlikely to 

happen in normal operating GIS. The water content in a GIS system, according to BS 

60376, should be less than 200 ppm by volume, which is about 0.02 %. For comparison, 

the average atmospheric water content is about 5000 ppm (0.5 %), subject to changes from 

one place to another and from one season to the next [174]. So, to emulate the real GIS, the 

samples were dried in insulating gas instead of vacuum-oven. The insulation gas that was 

used for this test was dry nitrogen gas. To test the moisture effect for samples dried in 

nitrogen gas, the same set of procedures was repeated as before. Instead of using vacuum-

oven at 105 °C, this time, the samples were dried in a nitrogen gas chamber at room 

temperature for 24 hours. However, the equilibrium concentration of water in the epoxy 

samples in contact with dry nitrogen gas was not recorded in this experiment. The 

compressed nitrogen tank used in this experiment has moisture content of less than 5 ppm. 

The nitrogen-dried samples were weighed, and measurements of DC current as well as 

surface decay rate were taken before and after the drying process. 

 

 Weight before 

drying 

Weight after 

drying 

Percentage weight loss 

F00 0.4224 + 0.0026 g 0.4220 + 0.0019 g 0.12 % 

F60 0.4355 + 0.0004 g 0.4346 + 0.0015 g 0.21 % 

Table 6-5: Samples weight before and after nitrogen-drying for DC current test. The moisture 
weight loss from nitrogen-drying is less the weight loss from vacuum-oven-drying 

 

The weight of the epoxy samples before and after the drying process inside the nitrogen gas 

chamber is shown in Table 6-5. Additional weight loss would have been expected if the 

samples were dried for a longer period. In this measurement, the drying was stop after 24 
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hours. Figure 6-4 shows the plots of surface DC current measurements for the 

corresponding epoxy resin samples.  

 

 

Figure 6-4: Plot of current against time for nitrogen-dried non-fluorinated (F00) and 60-min-
surface-fluorinated (F60) epoxy sample. After 1 day of drying, F60 shows reduced current reading. 

 

By comparing Table 6-1 and Table 6-5, the moisture lost for F60 sample is 0.71 % after 

vacuum-oven drying, while the moisture lost after nitrogen-drying is only 0.21 %. The 

amount of moisture lost through vaporisation in vacuum-oven drying is far greater than the 

moisture lost through diffusion in dry nitrogen gas tank. The huge difference in surface 

moisture lost correlates to the difference in current reading for F60 day 1 of vacuum-oven-

dried sample and nitrogen-dried sample. The higher surface current reading at day 1 of 

nitrogen-dried F60 sample, is not the result of fluorination layer alone, but, to a large 

extent, from the remaining surface moisture. The remaining physically-bound absorbed 

moisture on the surface does increase the mobility of water molecules and, hence, higher 

surface current reading for nitrogen-dried sample.   
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For the non-fluorinated sample (F00), the weight loss due to the drying process is 0.12 %. 

This small weight loss is reflected in the surface current measurement. The nitrogen-dried 

non-fluorinated sample has a slightly lower current value initially and after 3600 seconds, 

both samples have the same current reading of 9.23 x 10-¹² A due to water being absorbed 

onto the surface during the course of the measurement, which inevitably increased the 

current reading on the surface. Such observation was not noticeable in the vacuum-oven-

dried samples, nor for the nitrogen-dried F60 sample. Comparable result was also obtained 

by Ollier-Durbault et al. [175] on the surface conductivity measurement done on epoxy 

resin due to moisture effect at different relative humidity. For the 60-min-fluorinated 

sample (F60), the weight loss is relatively higher at 0.21 % and shows a significant 

reduction in surface current reading after the nitrogen-drying process. The final current 

measurement before drying is 2.44 x 10-¹¹ A and the current drops to 1.71 x 10-¹¹ A after. 

Again, it is believed that most of the moisture loss in nitrogen-dried F00 comes from the 

bulk and has a minimum influence on surface current. As explained earlier, when F00 

sample was in equilibrium with ambient moisture, water would uniformly occupy the bulk. 

As the bulk has far bigger volume than the surface, therefore, most of the moisture lost 

during drying comes from within the bulk.  

 

Sample ࢙࡯ ࢙࢈  ࢙࡭ 

F00 Day0 2.05 x 10ିଵ଴ + 0.27 x 10ିଵ଴ 0.362 + 0.032 9.23 x 10ିଵଶ + 1.84 x 10ିଵଶ 

F00 Day1 1.99 x 10ିଵ଴ + 0.30 x 10ିଵ଴ 0.351 + 0.037 9.23 x 10ିଵଶ + 1.88 x 10ିଵଶ 

F60 Day0 2.54 x 10ିଵ଴ + 0.86 x 10ିଵ଴ 0.370 + 0.079 2.47 x 10ିଵଵ + 0.09 x 10ିଵଵ  

F60 Day1 2.06 x 10ିଵ଴ + 0.55 x 10ିଵ଴ 0.357 + 0.062 1.71 x 10ିଵଵ + 0.06 x 10ିଵଵ  

Table 6-6: Parameter ࢙࢈ ,࢙࡭ and ࢙࡯  of curve-fitting on first 300 s data for F00 and F60 epoxy 
samples dried in nitrogen gas for 24 h at 95 % confidence bounds 

 

As for F60 sample, which has a surface with small water contact angle, more moisture can 

be absorbed within the surface layer. So, the moisture loss in nitrogen-dried F60 mostly 

comes from the surface and, therefore, results in the drop in current reading at the end of 
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the 60 min measurement time. Unlike nitrogen-dried F00 sample, the final current 

measurement at day 1 of nitrogen-dried F60 didn’t increase to the same level as day 0 

because more moisture was lost on the surface of nitrogen-dried F60, as compared to the 

nitrogen-dried F00, and it will take more than 3600 s for the current measurement to return 

to its original value in day 0. In fact, it is believed that, both nitrogen-dried and vacuum-

oven-dried sample, if exposed long enough to ambient moisture, may become saturated and 

may show the surface current measurement as in day 0. From the curve-fitting parameters 

in Table 6-6, similar pattern is observed as in Table 6-2, but to a lesser extent. The dried 

samples in day 1 possess common exponential ܾ௦  values when compared to un-dried 

samples in day 0 (0.362 and 0.351 for F00, 0.370 and 0.357 for F60), while the value for 

parameters ܣ௦ show clear reduction. The common value of exponential ࢙࢈ suggests that the 

polarisation mechanism during transient current phase remain the same, before and after 

the drying process. Nonetheless, the removal of absorbed moisture from the surface would 

surely reduce the moisture-assisted charge injection [176] and, hence explained the reduced 

value for parameters ܣ௦ after nitrogen-drying for both F00 and F60 samples. 

 

From Figure 6-4, as in the case for the vacuum-dried samples, the surface current plot for 

day 0 and day 1 samples are observed to be in quasi-equilibrium with ambient humidity 

after 1000 s. By using the proportion approach, the proportion of reduction of current due 

to moisture loss from nitrogen-drying can be determined and compared against the 

reduction of current due to moisture loss from vacuum-oven-drying. At quasi-equilibrium 

point of 2000 s, the proportion of loss current due to nitrogen-drying in F60 is: 

′1 ݕܽܦ 60ܨ0ᇱ−ᇱ ݕܽܦ 60ܨ′
′0 ݕܽܦ 00ܨ′

= 0.29 

Likewise, from Figure 6-2, at quasi-equilibrium point of 2000 s, the proportion of loss 

current due to vacuum-oven-drying in F60 is 0.51. The comparably huge proportion of 

current loss in vacuum-oven-dried sample, again, indicates a big loss of absorbed surface 

moisture due to vaporisation in vacuum-oven at high temperature, as compared to the 

moisture loss due to diffusion in nitrogen-dried gas at room temperature. 
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With regard to the surface potential decay measurements, Table 6-7 shows the weight of 

the samples before and after the nitrogen-drying process. Figure 6-5 shows plots of surface 

potential decay rate for non-fluorinated sample (F00), and 60-min-fluorinated sample 

(F60). For the non-fluorinated sample (F00), the weight loss due to the drying process is 

0.10 % and is reflected in the surface potential decay measurement. There is a minimal 

reduction in surface potential after the 24-hours-drying-process with the final potential 

reading at 2.61 kV, up from 2.45 kV the day before. For the 60-min-surface-fluorinated 

sample (F60), the weight loss is slightly higher at 0.20 %, similarly due to the larger 

moisture content on the surface and, thus, shows a significant reduction in surface potential 

decay rate after the drying treatment. The final surface potential reading before drying is 

0.47 kV and the potential rises to 0.84 kV after, unlike the slow decay rate for the oven-

dried sample. From the fitting parameters in Table 6-8, the un-dried sample of F60 at day 0 

has ௥ܶ of 0.348 h (20.1 min) while the dried F60 sample at day 1 has ௥ܶ  of 0.684 h (41.0 

min).  

 
 Weight before 

drying 

Weight after 

drying 

Percentage weight loss 

F00 0.4235 + 0.0046 g 0.4231 + 0.0051 g 0.10 % 

F60 0.4439 + 0.0014 g 0.4430 + 0.0011 g 0.20 % 

Table 6-7: Samples weight before and after nitrogen-drying for potential decay test. The moisture 
weight loss from nitrogen-drying is less than the weight loss from vacuum-oven-drying. 

 

When comparing the parameters in Table 6-8 with the parameters in Table 6-4, the 

parameters for F00 samples are broadly similar. A notable difference can be seen in the 

parameters of F60 day 1. For the nitrogen-dried F60 sample, the ratio of pre-exponential 

value ࡭௠ is remarkably higher than the vacuum-oven-dried sample, indicating an increase 

in the number of mobile charge due to the remaining absorbed moisture on the surface. 

Likewise,  the ratio of pre-exponential value ࡭௧ is lower in nitrogen-dried sample due to the 

decrease in number of trapped charges. Both time constants ࡮௠  and ࡮௧  are higher in 

nitrogen-dried sample, which ultimately result in faster relaxation time, ࢀ௥, of  0.684 h as 
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opposed to 20.1 h for vacuum-oven-dried sample. The increase in time constant value of 

nitrogen-dried sample at day 1 does not signify that the average trapping level is deeper 

since there is no alteration to the physicochemical state of the sample. The remaining 

physically-bound absorbed moisture on the surface does increase the mobility of water 

molecules and, hence, faster decay.  

 

 

Figure 6-5: Potential decay rate for nitrogen-dried non-fluorinated (F00) and 60-min-surface-
fluorinated (F60) epoxy sample. After 1 day of drying, F60 shows slower decay performance, but 
not to the level of F00. 

 

By comparing the results of the nitrogen-dried sample and oven-dried sample, it is obvious 

that the nitrogen-dried sample shows different dielectric properties evidenced through the 

DC surface current and potential decay test. It is believed that most of the physically-bound 

moisture on the surface of the oven-dried sample were vaporised when dried at 105 °C for 

24 hours. It is interesting to note from Table 6-1, Table 6-3, Table 6-5, and Table 6-7, the 

loss of mass due to water vaporisation are larger in the fluorinated samples, indicating good 

wettability value and small water contact angle on the surface of fluorinated epoxy samples 

[110]. It is well known that the contact angle of a water droplet on the surface of a solid 
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indicates the degree of wetting of the solid. If the contact angle, Ψ > 90°, the solid is non-

hydrophilic, while if Ψ < 90°, the solid is easily wetted and the attraction of the water 

molecule by the solid surface is very strong.  The wettability of a material is determined by 

the chemical structure on the surface, as well as the surface roughness [117]. An increase in 

surface roughness will make the contact angle of a water droplet reduced for a hydrophilic 

surface and increased for a hydrophobic surface. As evident from the SEM morphology 

images in Chapter 4, the surface-fluorination treatment does increase the surface roughness 

of the treated samples, and, therefore, reduced the water contact angle on the surface. The 

small water contact angle for fluorinated epoxy samples is also attributed to the 

introduction of polar groups of -CHF-, as well as the chain scission process that introduced 

a highly polar group inside the fluorinated layer [114].  

 

Sample ࢓࡭ 
࢓࡭

࢓࡭) + (࢚࡭
 ࢚࡭ 

࢚࡭

࢓࡭) + (࢚࡭
 ࢚࡮ ࢓࡮ 

 ࢘ࢀ

F00 Day0 
0.102 + 

0.009 

0.03 + 0.01 3.20 + 

0.10 

0.97 + 0.06 476 + 

86 

91700 + 

2000 

26.4 h 

F00 Day1 
0.116 + 

0.011 

0.04 + 0.01 3.13 + 

0.09 

0.96 + 0.06 498 + 

90 

102000 + 

2000 

27.7 h 

F60 Day0 
1.19 + 

0.11 

0.40 + 0.05 1.79 + 

0.07 

0.60 + 0.06 188 + 

30 

2550 + 60 0.348 h 

F60 Day1 
0.894 + 

0.081 

0.28 + 0.04 2.33 + 

0.08 

0.72 + 0.06 214 + 

34 

3270 + 80 0.684 h 

Table 6-8: Parameter ࢚࡭ ,࢓࡭, ratios, ࢚࡮ ,࢓࡮ and ࢘ࢀ of curve-fitting result for F00 and F60 epoxy 
samples dried in nitrogen gas for 24 h at 95 % confidence bounds 

 

The absorbed water on the surface does contribute to a higher surface current value due to 

the mobility of hydrogen and hydroxyl ions [177]. Accordingly, the loss of moisture on the 

surface hugely affects the DC current value and the corresponding decay rates. As can be 

seen in Figure 6-3, the decay rate of the oven-dried F60 sample is as low as the decay rate 

of the non-fluorinated sample. Without the influence of absorbed moisture on the surface, 
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the deposited charges will remain on the surface for an extended period. Therefore, the 

oven-dried 60-min-fluorinated sample is only as good as the original sample in decay rate 

performance. The results obtained in this study is consistent with the report from Kawasaki 

that stated the surface current increases with the number of absorbed water molecule on the 

surface [178]. 

 

When the samples were dried in a mild environment inside dry nitrogen gas at room 

temperature, only a small fraction of the absorbed surface moisture is lost, unlike the 

extreme case of drying at 105 °C inside vacuum-oven. Objectively, one day of drying 

inside an encapsulated case is still very far away from the working condition of a real GIS, 

in which the epoxy spacer would be exposed to dry SF₆ gas for a full four year of a typical 

maintenance cycle. Nevertheless, for a short drying period of 1 day, the difference in the 

effect of absorbed surface moisture is clear from the surface potential decay measurement 

in Figure 6-3 and Figure 6-5. When only a fraction of the absorbed moisture is gone from 

the surface, the nitrogen-dried F60 sample can still retain its decay shape and decays just a 

bit slower from the previous day, with ௥ܶ  of 20.1 min at day 0 and 41.0 min at day 1. 

Again, it has been made evident that the role of absorbed moisture has far outweighed the 

role of physicochemical change as a direct result from the fluorination treatment. The 

presence of absorbed water is considered to be the limiting factor towards the improvement 

of the dielectric properties in the treated material. 

 

6.4 DECAY WITH EXTENDED DRYING TIME 

So far, the moisture effect was only tested on the non-fluorinated (F00) and 60-min-surface 

fluorinated (F60) epoxy resin sample with the drying time duration of 24 hours. 

Subsequently, the 120-min-surface-fluorinated (F120) and 180-min-surface-fluorinated 

(F180) epoxy resin samples were used under the drying duration of up to 7 days. The same 

set of procedures was repeated as before. The plots in Figure 6-6 and Figure 6-7 show the 

surface potential decay for F120 and F180 samples dried in nitrogen gas at room 

temperature while Table 6-9 and Table 6-10 show the fitted parameters including the 
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relaxation time, ௥ܶ for both set of samples. With mild drying condition, before the drying 

started, both the F120 and F180 samples exhibit fast decay rate, faster than the F60 sample 

in previous test. After 24 hours of drying inside nitrogen gas, the decay rate started to slow 

down due to the loss of surface moisture as explained earlier. The decay rate becomes 

slower with the drying days, but still decays to 1/e of initial potential well before 7 min for 

F120, as can be seen on day 2 and day 3. After seven days of drying in nitrogen gas, the 

F120 sample can still decay to 1/e of initial surface potential but will take nearly 14 min to 

do so. Meanwhile for F180 sample, the sample decay to 1/e of initial surface potential 

before 2 min for day 0, day 1, day 2, and day 3 while, on day 7, the sample takes about 4 

min to reach relaxation. As for the decay time constants of ࢓࡮ and ࢚࡮ from Table 6-9 and 

Table 6-10, an overall increase of these values with drying time implies slower decays for 

both F120 and F180 samples due to daily removal of absorbed moisture. Again, the 

increase of time constant values with drying time does not imply that the average trapping 

level is becoming deeper. Removal of absorbed moisture from the surface does not modify 

the physicochemical state of the samples. This action simply reduces the mobility of water 

molecules and, hence, slow decay. The ratio for parameter ࢓࡭ for F120 and F180 samples 

can be seen gradually decreasing with the drying days while the ratio for parameter ࢚࡭ is 

gradually increasing. This changes implies that the number of mobile charges is decreasing 

as the surface lose surface moisture while the number of trapped charges increases due to 

reduction in moisture assisted movement. For comparison, nitrogen-dried F60 sample from 

Table 6-8 also exhibit the same changes for the pre-exponential ratios within one day of 

drying, with a lower value of ratio for parameter ࢓࡭ of 0.40 at day 0. 

 

In short, F120 and F180 decay in a relatively short period even in the mild drying condition 

of seven days indicating that the value of surface current that controls the decay rate can 

still be retained in such condition as long as the surface moisture is still present. It is 

evident that the improvement in the dielectric properties of the fluorinated epoxy samples 

do not directly come from fluorination surface per se, but the improvement is largely due to 

the absorbtion of moisture onto the flourinated surface.  



122 

 

 

Figure 6-6: Potential decay rate for nitrogen-dried 120-min-surface-fluorinated (F120) epoxy 
sample and the corresponding fitted lines. F120 exhibits slower decay as the drying day increases. 

 

Sample ࢓࡭ 
࢓࡭

࢓࡭) + (࢚࡭
 ࢚࡭ 

࢚࡭

࢓࡭) + (࢚࡭
 ࢓࡮ 

 ࢘ࢀ ࢚࡮

F120 Day0 
1.63 + 

0.15 

0.63 + 0.10 0.967 + 

0.033 

0.37 + 0.04 155 + 

4 

229 + 6 0.0517 h 

F120 Day1 
1.54 + 

0.14 

0.59 + 0.09 1.08 + 

0.03 

0.41 + 0.04 160 + 

4 

403 + 

10 

0.0680 h 

F120 Day2 
1.46 + 

0.13 

0.54 + 0.08 1.22 + 

0.03 

0.46 + 0.04 164 + 

3 

476 + 

10 

0.0886 h 

F120 Day3 
1.31 + 

0.12 

0.48 + 0.07 1.40 + 

0.05 

0.52 + 0.05 166 + 

4 

671 + 

18 

0.110 h 

F120 Day7 
1.06 + 

0.10 

0.37 + 0.05 1.82 + 

0.05 

0.63 + 0.05 180 + 

5 

1260 + 

30 

0.231 h 

Table 6-9: Parameter ࢚࡭ ,࢓࡭, ratios, ࢚࡮ ,࢓࡮ and ࢘ࢀ of curve-fitting result for F120 epoxy sample 
dried in nitrogen gas for 7 days at 95 % confidence bounds 
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Figure 6-7: Potential decay rate for nitrogen-dried 180-min-surface-fluorinated (F180) epoxy 
sample and the corresponding fitted lines. F180 exhibits slower decay as the drying day increases. 

 

Sample ࢓࡭ 
࢓࡭

࢓࡭) + (࢚࡭
 ࢚࡭ 

࢚࡭

࢓࡭) + (࢚࡭
 ࢚࡮ ࢓࡮ 

 ࢘ࢀ

F180 Day0 
2.24 + 

0.08 

0.95 + 0.07 0.118 + 

0.004 

0.05 + 0.01 36.1 + 

0.9 

111 + 

3 

0.0107 h 

F180 Day1 
2.17 + 

0.05 

0.83 + 0.04 0.436 + 

0.011 

0.17 + 0.01 74.6 + 

1.8 

113 + 

3 

0.0229 h 

F180 Day2 
1.85 + 

0.05 

0.81 + 0.04 0.420 + 

0.012 

0.19 + 0.01 101 + 

2 

146 + 

3 

0.0302 h 

F180 Day3 
1.83 + 

0.07 

0.76 + 0.06 0.578 + 

0.021 

0.24 + 0.02 122 + 

3 

197 + 

5 

0.0375 h 

F180 Day7 
1.53 + 

0.04 

0.62 + 0.03 0.919 + 

0.022 

0.38 + 0.02 158 + 

3 

420 + 

6 

0.0594 h 

Table 6-10: Parameter ࢚࡭ ,࢓࡭, ratios, ࢚࡮ ,࢓࡮ and ࢘ࢀ of curve-fitting result for F180 epoxy sample 
dried in nitrogen gas for 7 days at 95 % confidence bounds 
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From Figure 6-6 and Figure 6-7, the decay plots show slower decay as the drying day 

increases. Judging from the plot trends, the decay would have exhibit performance similar 

to non-fluorinated sample if the drying days is made even longer. By taking the ratios of 

࢓࡭ for F120 and F180 over the 7 days of drying, the values of ࢚࡭ to ࢓࡭
ᇱ = ࢓࡭

(࢚࡭ା࢓࡭)
  against 

drying days are plotted in Figure 6-8. The pre-exponential value of ࢓࡭ is related to the 

faster decay process and is highly dependent on the degree of drying. It is observed that the 

value of ࢓࡭ decreases as the samples loose absorbed moisture during the drying period. 

 

 

Figure 6-8: The plots of mobile charges ratio against drying days for F120 and F180 samples. 
Exponential curves were fitted and extrapolated to determine the time taken for pre-exponential 
parameter ࢓࡭′  to reach value associated with F00 (~0.04). 
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and the rate of change of water concentration depends solely on the water concentration:  

௪௔௧௘௥ܥ݀

ݐ݀
=  ௪௔௧௘௥ܥߚ−

Thus: 

௪௔௧௘௥ܥ = ଴ܥ exp(−ݐߚ) 

The water concentration is found to follow an exponential decline. By extrapolating the 

fitted curve, it can be seen that the ratios ܣெ
ᇱ  under dry nitrogen will reach values 

associated with a non-fluorinated sample (ܣெ
ᇱ ≅ 0.04) in a period of ~40 days for F120 

sample and ~60 days for F180 sample. Therefore, it is important to note that these period 

are alarmingly short considering the fact that fluorinated samples will lose most of its decay 

properties when the surface has lost its moisture, as evident from vacuum-oven test. 

Although it is demonstrated that these fluorinated samples still exhibit fast decay 

performances in extended drying time inside dry nitrogen gas, more work need to be done 

in order to access the fluorination effect for drying time beyond seven days in dry gas. 

 

Meanwhile, the plots for F240 sample exhibit some degree of decrease in surface potential 

decay rate as seen in Figure 6-9. Similar observation was also obtained from the work done 

by Lie et al. [179]. Such observation indicates that the extension of fluorination time is not 

always favourable to increase the surface current of the epoxy resin insulator, especially for 

fluorination time beyond a threshold value. As discussed in detailed in Chapter 4, the 

measured current value on the surface of the fluorinated epoxy samples is governed by the 

contest in the number of compositional changes and the structural changes i.e. the chemical 

defects and the physical defects in the fluorinated surface layer [116]. It is believed that for 

a fluorination time beyond a threshold limit as in the case of F240 sample, the reduction of 

surface current value, which results in the slow surface potential decay rate, may have been 

caused by the increase in the number of chemical defects or compositional changes over 

physical/structural defects. Further modification in physicochemical state on the surface 

would also lead to alteration in the surface’s interaction with water. Nevertheless, the 
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extension of fluorination time would very likely improve other properties of the epoxy 

resin insulator surface layer, such as ageing properties, which need to be investigated in the 

future work. After the mild drying process inside nitrogen gas, the F240 sample exhibits 

slower decay rate from day 1 to day 7, but at a small margin as compared to the decay rate 

of day 0, as evident from the decay constants and relaxation times from Table 6-11. From 

the fitted parameters, the ratio for pre-exponential ࢓࡭ is slowly decreasing with the drying 

days indicating reduced number of mobile charges as the sample lose more absorbed 

moisture from the surface. When compared to nitrogen-dried F120 and F180 samples, the 

pre-exponential ࢓࡭ value of nitrogen-dried F240 sample is very small, almost identical to 

F00 sample. The decline in ࢓࡭ value with the drying days is also at a smaller margin, 

suggesting a small number of mobile charges initially due to small moisture absorption 

capacity of F240 sample. As for the time constants of F240 sample, both parameters ࢓࡮ 

and ࢚࡮ show gradual increase with drying days due to daily removal of absorbed moisture. 

The increase of time constant values does not suggest that the average trapping level is 

increasing. The lost of absorbed moisture from the surface does not change the 

physicochemical state of the samples. It does, however, reduce the mobility of water 

molecules and, hence, slower decay. When compared against Table 6-9 and Table 6-10, the 

exponential values of ࢓࡮ and ࢚࡮ for F240 sample are relatively bigger, signifying longer 

decay time for mobile and trapped charges due to the change in average shallow and deep 

trapping level. As discussed earlier, this physicochemical change may come from the 

increase in the number of compositional changes over structural defects, which indirectly 

may alter the surface’s interaction with water. Indeed, more work needs to be done to 

evidently support this claim as there is a very dramatic change in the behaviour of the 

surface potential decay for F240 sample. 
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Figure 6-9: Potential decay rate for nitrogen-dried 240-min-surface-fluorinated (F240) epoxy 
sample and the corresponding fitted lines. F240 exhibits a very dramatic change in decay 
performance, unlike F120 and F180. 

Sample ࢓࡭ 
࢓࡭

࢓࡭) + (࢚࡭
 ࢚࡭ 

࢚࡭

࢓࡭) + (࢚࡭
 ࢚࡮ ࢓࡮ 

 ࢘ࢀ

F240 Day0 
0.194 + 

0.018 

0.07 + 0.01 2.40 + 

0.08 

0.93 + 0.07 282 + 

51 

13400 + 

300 

3.45 h 

F240 Day1 
0.190 + 

0.018 

0.07 + 0.01 2.39 + 

0.07 

0.93 + 0.06 294 + 

47 

17700 + 

400 

4.51 h 

F240 Day2 
0.164 + 

0.015 

0.06 + 0.01 2.40 + 

0.07 

0.94 + 0.06 299 + 

54 

18100 + 

400 

4.68 h 

F240 Day3 
0.160 + 

0.015 

0.06 + 0.01 2.41 + 

0.09 

0.94 + 0.07 316 + 

51 

20700 + 

500 

5.38 h 

F240 Day7 
0.134 + 

0.012 

0.05 + 0.01 2.41 + 

0.08 

0.95 + 0.07 377 + 

68 

26200 + 

600 

9.44 h 

Table 6-11: Parameter ࢚࡭ ,࢓࡭, ratios, ࢚࡮ ,࢓࡮ and ࢘ࢀ of curve-fitting result for F240 epoxy sample 
dried in nitrogen gas for 7 days at 95 % confidence bounds 
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In the case of an extreme drying condition i.e. drying in vacuum-oven, the F120 and F180 

samples exhibit decay rates similar to the decay of vacuum-oven-dried F60 sample, while 

the F240 sample shows a slow decay rate. Figure 6-10 and Figure 6-11 show plots of 

surface potential decay for F120 and F180 samples dried in vacuum-oven for 7 days at 105 

°C and the corresponding curve-fitting parameters are shown in Table 6-12 and Table 6-13. 

In this extreme drying condition, the F120 and F180 sample can only retain its fast decay 

rate in day 0 i.e. before the drying process. From day 1 onwards, the surface potential decay 

rates for F120 and F180 were as flat as the non-fluorinated sample F00 with ௥ܶ  values 

above 15 h. Such observation indicates the total loss of surface moisture, that is, in its 

presence, helps to dissipate the surface charges during the decay process. The result for 

vacuum-oven-dried F120 and F180 sample is similar to the previous result of the oven-

dried F60 sample. In both cases, most of the physically-bound water has dried after 24 

hours of drying at 105 °C inside vacuum-oven that result in the slow potential decay. 

Similar observation can be seen for F240 plot in Figure 6-12 from day 1 onwards, in which 

the surface potential decay rates were flat, implying the total loss of surface moisture. The 

the fitting parameters in Table 6-12 to Table 6-14 numerically translates the behaviour of 

the fluorinated samples respectively as seen from the plots. In each table, only the vacuum-

oven-dried parameter values of day 0 are broadly similar to the corresponding values in 

nitrogen-dried samples. After 1 day of drying in vacuum-oven and onwards, the fluorinated 

samples exhibit pre-exponential and exponential values broadly similar to those of F00 

sample. The increase of exponential values with drying time does not imply that the 

average trapping level is becoming deeper. Removal of physically-bound absorbed 

moisture from the surface does not change the physicochemical state of the samples. It 

does, however, reduce the mobility of water molecules and, hence, slower decay. 

 

For surface-fluorinated epoxy resin, water can readily be absorbed onto the surface layer 

due to the low water contact angle of the fluorinated surface. The contact angle is lower as 

the fluorination duration increases (as discussed earlier) which, in turn, introduce more 

water molecules onto the surface of the epoxy resin. These water molecules are tightly 

bound to the surface, presumably, through hydrogen bonding with hydroxyl groups in the 

epoxy structure. With increasing water absorption, more water molecules may reside on the 
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surface layer. As the surface is sufficiently covered with water molecules (i.e. before 

drying), the water molecules are mobile and, therefore, increase the surface conductivity. 

The number of ions as well as their average mobility will increase with the amount of 

absorbed water, hence the fast decay rate for F120 and F180 epoxy samples before the 

drying process. After drying, the surface is no longer sufficiently covered with water 

molecules and, therefore, the mobility of the charges is severely restricted. Hence the slow 

decay rate similar to non-fluorinated sample. Once again, the direct influence of absorbed 

moisture is far greater than the influence of physicochemical change on fluorinated 

samples, which act as the limiting factor towards the improvement of the dielectric 

properties in the treated material.  

 

 

Figure 6-10: Potential decay rate for oven-dried 120-min-surface-fluorinated (F120) epoxy sample 
and the corresponding fitted lines. F120 exhibits decay performance similar to F00 after 1 day of 
drying. 
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Figure 6-11: Potential decay rate for oven-dried 180-min-surface-fluorinated (F180) epoxy sample 
and the corresponding fitted lines. F180 exhibits decay performance similar to F00 after 1 day of 
drying. 

 

Figure 6-12: Potential decay rate for oven-dried 240-min-surface-fluorinated (F240) epoxy sample 
and the corresponding fitted lines. F240 exhibits decay performance similar to F00 after 1 day of 
drying. 
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Sample ࢓࡭ 
࢓࡭

࢓࡭) + (࢚࡭
 ࢚࡭ 

࢚࡭

࢓࡭) + (࢚࡭
 ࢚࡮ ࢓࡮ 

 ࢘ࢀ

F120 Day0 
1.54 + 

0.14 

0.68 + 0.11 0.726 + 

0.025 

0.32 + 0.03 156 

+ 25 

284 + 7 0.0529 h 

F120 Day1 
0.121 + 

0.014 

0.05 + 0.01 2.50 + 

0.09 

0.95 + 0.07 394 

+ 71 

73500 + 

2000 

19.7 h 

F120 Day2 
0.128 + 

0.012 

0.05 + 0.01 2.55 + 

0.08 

0.95 + 0.06 402 

+ 64 

106000 + 

3000 

28.8 h 

F120 Day3 
0.114 + 

0.013 

0.04 + 0.01 2.56 + 

0.07 

0.96 + 0.06 408 

+ 74 

125000 + 

3000 

33.9 h 

F120 Day7 
0.108 + 

0.010 

0.04 + 0.01 2.59 + 

0.10 

0.96 + 0.08 408 

+ 65 

130000 + 

3000 

34.3 h 

Table 6-12: Parameter ࢚࡭ ,࢓࡭, ratios, ࢚࡮ ,࢓࡮ and ࢘ࢀ of curve-fitting result for F120 epoxy sample 
dried in vacuum-oven for 7 days at 95 % confidence bounds 

 

Sample ࢓࡭ 
࢓࡭

࢓࡭) + (࢚࡭
 ࢚࡭ 

࢚࡭

࢓࡭) + (࢚࡭
 ࢚࡮ ࢓࡮ 

 ࢘ࢀ

F180 Day0 
2.32 + 

0.21 

0.96 + 0.17 0.109 + 

0.004 

0.04 + 0.01 36.9 

+ 6.7 

107 + 2 0.0110 h 

F180 Day1 
0.124 + 

0.011 

0.05 + 0.01 2.61 + 

0.10 

0.95 + 0.07 382 + 

69 

59900 + 

1000 

15.9 h 

F180 Day2 
0.130 + 

0.012 

0.05 + 0.01 2.65 + 

0.07 

0.95 + 0.05 395 + 

71 

88500 + 

2000 

23.7 h 

F180 Day3 
0.107 + 

0.010 

0.04 + 0.01 2.70 + 

0.08 

0.96 + 0.06 403 + 

64 

93500 + 

2000 

25.2 h 

F180 Day7 
0.112 + 

0.010 

0.04 + 0.01 2.68 + 

0.09 

0.96 + 0.07 410 + 

67 

118000 

+ 3000 

31.7 h 

Table 6-13: Parameter ࢚࡭ ,࢓࡭, ratios, ࢚࡮ ,࢓࡮ and ࢘ࢀ of curve-fitting result for F180 epoxy sample 
dried in vacuum-oven for 7 days at 95 % confidence bounds 
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Sample ࢓࡭ 
࢓࡭

࢓࡭) + (࢚࡭
 ࢚࡭ 

࢚࡭

࢓࡭) + (࢚࡭
 ࢚࡮ ࢓࡮ 

 ࢘ࢀ

F240 Day0 
0.189 + 

0.017 

0.07 + 0.01 2.39 + 

0.09 

0.93 + 0.07 287 + 

46 

17600 + 

400 

4.56 h 

F240 Day1 
0.116 + 

0.011 

0.04 + 0.01 2.55 + 

0.09 

0.96 + 0.07 417 + 

67 

107000 + 

2000 

29.6 h 

F240 Day2 
0.106 + 

0.010 

0.04 + 0.01 2.59 + 

0.07 

0.96 + 0.05 452 + 

72 

125000 + 

3000 

34.4 h 

F240 Day3 
0.109 + 

0.010 

0.04 + 0.01 2.59 + 

0.09 

0.96 + 0.07 478 + 

87 

126000 + 

3000 

34.6 h 

F240 Day7 
0.0962 + 

0.0087 

0.04 + 0.01 2.62 + 

0.08 

0.96 + 0.06 505 + 

91 

124000 + 

3000 

34.2 h 

Table 6-14: Parameter ࢚࡭ ,࢓࡭, ratios, ࢚࡮ ,࢓࡮ and ࢘ࢀ of curve-fitting result for F240 epoxy sample 
dried in vacuum-oven for 7 days at 95 % confidence bounds 

 

When compared against nitrogen-dried sample from Table 6-9 and Table 6-10, the decay 

time constants of ࢓࡮ and ࢚࡮ for F120 and F180 samples in Table 6-12 and Table 6-13 

show significant jumps from the values before drying to the values after drying, implying a 

huge surface moisture loss in the process. Again, it is evident that samples dried inside 

vacuum-oven at 105 °C experienced massive moisture lost and act similar to F00 sample 

just within one day of drying. It is worth noting that F120 and F180 samples dried in 

nitrogen gas would take an estimated ~40 and ~60 days of drying time respectively to 

possess ratios of  ࢓࡭  similar to F00. From this estimation, the fluorinated samples are 

projected to lose its added benefits within 40 to 60 days. So, more works need to be done 

on the application of surface-fluorinated epoxies inside dry gas for extended period. 

 

6.5 CHAPTER SUMMARY 

This chapter was designed to look into the effect of surface water absorption on fluorinated 

epoxy resin samples towards the dielectric properties of the insulating material. The oven-
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dried samples show a significance reduction in samples’ mass due to vaporisation of 

surface moisture. The loss of surface moisture on fluorinated samples, which mainly 

contributes towards the conductivity value, translates into a reduced current reading and a 

slow surface potential decay rate similar to the decay rates of the original sample.  

 

As for the nitrogen-dried samples, much smaller weight loss was recorded as only a small 

quantity of surface moisture was diffused into the dry environment of nitrogen gas at room 

temperature. Due to this fact, the fluorinated sample still shows a reduced DC current 

reading, but not as significant as the reduction of the oven-dried sample. The same trend is 

observed for the surface potential decay test. A slower decay rate is recorded after the 

drying process, but not to the point of the original sample’s rate. 

 

It is known that surface fluorination treatment does indeed improve the dielectric properties 

of the epoxy samples being treated. The surface potential decay rate is significantly faster 

for the treated sample as its surface conductivity is increased. The incorporation of fluorine 

element per se through direct-fluorination treatment into the surface layer has had minor 

influence towards the surface current measurement and the subsequent surface decay 

performance. The increase in the surface current measurement mostly comes from the 

fluorinated layer capacity to absorb moisture on the surface. An increase in surface 

roughness as a consequence from the direct-fluorination treatment reduced the water 

contact angle and, thus, increased the surface wettability value. As such, in an extreme 

environment where the absorbed surface moisture is vaporised, the fluorinated samples 

show current value and decay rate similar to those of original sample. However, in a mild 

condition, as in insulation gas at room temperature, the fluorinated samples still possess the 

dielectric improvement supposedly come from the chemical treatment; increased in surface 

DC current and faster surface potential decay rate. The role of absorbed moisture has far 

outweighed the role of physicochemical change as a direct result from the fluorination 

treatment. Indeed, the presence of absorbed water is the limiting factor towards the 

improvement of the dielectric properties in the treated material. It is also evident that 

samples dried inside vacuum-oven at 105 °C experienced massive moisture lost and act 
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similar to F00 sample just within one day of drying. It is worth noting that F120 and F180 

samples in nitrogen gas would take an estimated ~40 and ~60 days of drying time 

respectively to possess ratios of  ࢓࡭ and ࢚࡭ similar to F00. Although it is evident that these 

fluorinated samples still exhibit fast decay performances in extended drying time inside dry 

nitrogen gas, more experimental work need to be done in order to access the fluorination 

effect for time beyond seven days. As it stands, direct-fluorination treatment on spacers 

will only improve the performance of GIS operating with dry gas for a short period, as long 

as the surface moisture can be retained. 
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7 CHAPTER SEVEN: DC FLASHOVER 
 

The results from surface decay and PEA measurement clearly show the dielectric 

improvement in term of dissipating the accumulated charges along the surface of an 

insulating material. This improvement should lead to an increase in the surface flashover 

strength as the accumulation of surface charge is one of the critical parameters that 

influence the surface flashover performance [7]. In general, the surface flashover strength is 

defined as the limiting voltage stress beyond which the insulation surface can no longer 

maintain its integrity. In other words, it is the measure of the insulation surface to resist 

decomposition under voltage stress. The applied voltage causes the top insulation to fail 

through a surface discharge and rupture the surface insulation. This chapter describes the 

DC flashover experiment carried out in the high voltage laboratory, from the design issue, 

simulation work, as well as experimental results and discussions. 

 

7.1 FLASHOVER SYSTEM DESIGN 

There are two types of testing methods commonly used in a laboratory work; (i) the 

constant stress test, in which the time to breakdown is measured at a constant electric field, 

and (ii) the ramp stress test, in which the electrical field magnitude at the breakdown is 

measured as the applied electric stress increases as a function of time. In this research, the 

ramp stress test is preferable because the disparity of results is less than the one in a 

constant stress test [180]. Additionally, over an extended time in the constant stress test, 

critical control of the electric field is necessary as small differences in the field can result in 

a difference in time to breakdown. Although constant stress test is more realistic, the ramp 

stress test is a better choice in this research as all samples can be forced to fail within a 

reasonably short time. 

 

In term of electrode geometry, based on ASTM Standard D149-97a, a typical electrode 

system for surface dielectric testing consists of opposing circular plates of 150 mm 
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diameter and 10 mm thick with edges rounded to 3 to 5 mm radius (as illustrated in Figure 

7-1). The insulating materials for this electrode arrangement are of the cylindrical shape of 

which the voltage gradient is parallel to the side surface. There are some concerns with 

regards to the implementation of this electrode arrangement. First of all, there is no control 

on the position of flashover as the flashover can occur anywhere on the entire side surface 

of the sample. On top of that, it is a challenge to produce a similar set of samples with the 

same finish all over the surface of the sample. For these reasons, an alternative flashover 

system is constructed in a typical surface breakdown arrangement as used by various 

authors [181-183] in which the breakdown is likely to occur along the sample surface and 

in between the triple junctions of electrode-epoxy-air as pictured in Figure 7-2. The tips of 

the electrodes are shaped like a finger with sharp edges as to generate corona effect in order 

to make sure that the flashover does occur at the tip of the electrodes. With this flashover 

arrangement, it is easier to produce batches of epoxy samples with consistent surface finish 

throughout the research. The actual test apparatus is shown in Figure 7-3. 

 

Figure 7-1: Electrode geometry from ASTM standard D149-97a consists of opposing circular plates 
of 150 mm diameter and 10 mm thick with edges rounded to 3 to 5 mm radius. 
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Figure 7-2: A Surface DC flashover kit schematic diagram. The samples were subjected to a 
linearly increased voltage of 100 V sˉ¹ until they underwent flashover. 

 

For a start, the electrodes were made from stainless steel with the edge of the electrodes 

were rounded to 4.5 mm radius while sockets for banana plug were made at the rear of the 

electrodes. The body of this system was made from clear Perspex, and the sample base is 

made from Teflon. The gap between the electrodes is adjustable, but for this experiment, 

the gap was set to 8 mm. 300 μm thick epoxy resin samples were used, and they were 

placed between the electrode pair and the Teflon base. A preliminary breakdown test was 

conducted using this electrode arrangement at atmospheric condition. In this preliminary 

test, the samples were subjected to a linearly increased voltage of 100 V s¯¹ until they 

underwent flashover, of which the flashover voltage was recorded. The test was repeated 

using different epoxy samples for each fluorination conditions. It has been noted that, after 

a number of flashover occurrences, pitting signs could be seen on the edge of the stainless 

steel electrodes. Therefore, the electrodes were re-polished after every five flashovers to 

clear the pitting signs and, hence, give more consistent results. It is worth to note that, the 

samples used in this breakdown test were left in ambient atmosphere until they were in 

equilibrium with ambient moisture. During the breakdown test, fresh sample was subjected 

up to four flashovers, each at different location on both side, in order to eliminate any 

condition on the sample which could modify the breakdown strength of the samples. 
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Figure 7-3: Electrode system for surface flashover with 8 mm gap. The steel electrodes were re-
polished after every five flashovers to clear the pitting signs and, hence, give more consistent 
results 

 

7.2 COMSOL MODEL OF ELECTRODES 

To get a better understanding on the electrode arrangement, a simulation model using a 

finite element method was designed to study the potential scale and the corresponding 

current density distribution. A surface flashover model with finger-like electrodes was 

developed using COMSOL Multiphysics 3.5. Electrostatics module was selected for this 

purpose as this module can simulate electrical components and devices that depend on 

electrostatics, magnetostatics, and electromagnetic quasi-statics applications.  
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Figure 7-4: An analysis model for surface flashover of fluorinated epoxy using finger electrodes 
and extremely fine meshes 

 

Figure 7-4 shows the sample with the electrode arrangement geometry and the region for 

analysis. The distance between the two electrodes was set at 8 mm, as in the actual setup. 

The settings for boundary mode and subdomain mode are listed in Table 7-1 and Table 7-2. 

The settings in these tables are designed for fluorination layer of 5 μm thickness. To get the 

simulation results of different thickness, the thickness, d for the fluorinated layer in 

subdomain mode is changed accordingly, as well as the thickness of the fluorinated layer in 

the drawn model. The simulation on the maximum potential on the surface and in the bulk 

of epoxy samples was performed for each fluorinating conditions. Identifying the influence 

of each fluorinated surface thickness on the potential distribution and current density will 

help determine the influence of this surface modification on the dielectric properties of the 

epoxy resin. 
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 Equation Boundary condition Value 

Epoxy resin n.J = 0 Electric insulation  

Fluorinated layer n.J = 0 Electric insulation  

Gas (Air) n.J = 0 Electric insulation  

HV electrode V2 = V₀ Electric potential 50 x 10³ V 

Ground electrode V2 = 0 Ground  

Table 7-1: Settings for boundary mode. The electric potential of anode is set at 50 kV 

 

 Equation Thickness, d Conductivity, σ 

Epoxy resin -∇.d(σ∇V2 - Jᶜ) = dQj 0.005 m 1 x 10ିଵ଺ S m¯¹ 

Fluorinated layer -∇.d(σ∇V2 - Jᵉ) = dQj 5 x 10¯⁶ m 1 x 10ିଵସ S m¯¹ 

Gas (Air) -∇.d(σ∇V2 - Jᵉ) = dQj 1 m  3 x 10ିଵ଻ S m¯¹ 

Table 7-2: Settings for subdomain mode. The bulk epoxy, surface fluorinated layer, and 
surrounding air have different value of conductivity. 

 

7.3 SIMULATION RESULT 

To accurately determine the potential scale and current density, an extra fine mesh area was 

drawn at the edge of both anode and cathode, as well as on the layer of the direct-

fluorinated surface. The simulation analysis is done for fluorination thickness of 0 µm, 5 

µm and 10 µm. Figure 7-5 to Figure 7-7 show the simulation results for each fluorinated 

surface thickness of epoxy resin. 
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Figure 7-5: Potential scale and current density for 0µm fluorinated thickness. Potential reading at 
the tip of anode is 49399 V. Concentration of current can be seen evenly distributed. 

 

Figure 7-6: Potential scale and current density for 5µm fluorinated thickness. Potential reading at 
the tip of anode is 44388 V. More concentration of current can be seen on the surface. 

 

Figure 7-7: Potential scale and current density for 10 µm fluorinated thickness. Potential reading at 
the tip of anode is 44324 V. Even more concentration of current can be seen on the surface. 
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From the simulation, the obtained results clearly show the impact of the fluorinated surface 

layer in defining the outcome of the potential and current density distribution. From the 

model, at coordinate 0.00598, 0.00198, the position just beneath the tip of anode, the 

potential readings for 0 µm, 5 µm, and 10 µm fluorinated layer model are 49399 V, 44388 

V, and 44324 V respectively.  The results clearly indicate a slight reduction in the electric 

potential inside the bulk of epoxy resin with the fluorinated surface layer as opposed to the 

non-fluorinated epoxy resin. Likewise, high concentration of current density can be seen on 

the surface of fluorinated epoxy with the increase in thickness of fluorinated layer due to 

the fluorinated surface layer possesses higher conductivity than the bulk. 

 

There is, however, one minor issue with this simulation model. The fluorinated surface 

thickness of 5 and 10 µm used in this simulation is, in fact, thicker than the thickness of the 

fluorinated layer on an actual sample, which is around a 0.5 µm. This constraint is due to 

the meshing size limitation of the simulation software. Nevertheless, this constraint 

however is not significant as this simulation is used for comparison purposes only and this 

model proves that the surface fluorination treatment did have a big impact on the reduction 

of potential and on the distribution of current density. 

 

7.4 FLASHOVER IN NITROGEN GAS 

In order to mimic the real working GIS, the flashover experiment was repeated inside a 

chamber filled with insulating gas. Instead of using ambient air as the insulating medium as 

in the preliminary test, the insulating medium used in this test is dry nitrogen gas at 

atmospheric pressure. Nitrogen gas is chosen as the insulating gas because it is a low-cost 

alternative to SF₆. The relative spark breakdown strength of atmospheric air, N₂ and SF₆ 

are 1.0, 1.15 and 3.0 respectively [184], hence higher flashover voltage of nitrogen gas over 

atmospheric air. The schematic diagram of this test is shown in Figure 7-8. The previous 

electrode setup as used in the preliminary test was put inside a glass chamber that was 

connected to a vacuum pump and nitrogen gas tank. The glass chamber was designed to 

provide maximum accessibility and visibility for image capturing. A high-speed camera 
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with the capability of capturing images at maximum 3000 fps was positioned in front of the 

viewing window of the glass chamber. The camera was focused on the 8 mm gap space 

between the electrodes. For this experiment, pure tungsten electrodes were used instead of 

stainless steel since pure tungsten possess the highest melting point (3422 °C), lowest 

vapour pressure (at temperatures above 1650 °C) and the highest tensile strength [185]. The 

need to change the electrode frequently because of the pitting formation was not necessary 

with the use of tungsten electrodes. 

 

  

Figure 7-8: A schematic diagram of surface DC flashover kit in nitrogen gas at atmospheric 
condition. The chamber was vacuumed and nitrogen gas was then pumped in through a desiccant 
filter to dry out the nitrogen and to minimise the humidity content inside the chamber. 

 

To start the flashover test, the chamber was vacuumed to 10¯¹ mbar to remove the 

remaining moisture inside the chamber. Nitrogen gas was then pumped in through a 

desiccant filter to dry out the nitrogen and to minimise the humidity content inside the 

chamber. 
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7.5 EXPERIMENTAL RESULTS AND DISCUSSIONS 

Surface charge accumulation, which leads to surface flashover, is believed to be triggered 

by the field emission that occurs at the sharp edges of the electrodes under DC stress [140]. 

The charge carriers within the field emitted electrons from protrusions on the rough finish 

electrodes drift in the direction of the electric field to reach the epoxy resin surface. As 

explained in Chapter 2, there are three possible mechanisms for surface flashover; (i) a 

micro-discharge at an imperfect contact at the sample-electrode interface, (ii) a micro-

discharge at an imperfection in the epoxy resin sample surface, or (iii) a particle on or near 

the spacer surface [67]. These effectively act as high-field spots and cause rapid electron 

emission and ionisation. The generated charges are trapped on the insulator surface and 

further distort the local electric field and initiate further ionisation processes. These micro-

discharges could well develop the flashover path that leads to breakdown along the surface 

of the epoxy resin.  

 

From the preliminary flashover test, the results of flashover voltages for each fluorination 

time were plotted using Weibull distribution as shown in Figure 7-9. ReliaSoft Weibull 

7++ software was used for this analysis. The maximum likelihood estimation (MLE) was 

used as the parameter estimator for the breakdown data. The result, in general, shows an 

increasing trend in DC surface breakdown strength with the introduction of the fluorinated 

surface layer.  
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Figure 7-9: Two-parameter Weibull distribution for 300 μm surface-fluorinated epoxy resin 
samples of different fluorination duration undergoing surface flashover test in ambient air 

 

Sample Scale parameter (kV), α Shape parameter, β 

F00 14.1 + 0.5 24.0 + 11.1 

F30 15.6 + 0.9 15.1 + 6.7 

F60 17.7 + 0.8 19.2 + 9.5 

Table 7-3: Weibull parameters α and β for 300 μm surface-fluorinated epoxy resin samples of 
different fluorination duration undergoing surface flashover test in ambient air 

 

For non-fluorinated epoxy resin sample, low surface breakdown strength with a high shape 

parameter is observed. The direct-fluorinated samples show a clear improvement in surface 

breakdown strength with lower shape parameter. The increasing trend of surface 

breakdown strength as the fluorination duration increases can be explained by the 

introduction of the fluorinated layer. With the introduction of fluorinated substituent onto 
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the surface of the epoxy resin sample, the conductivity along the dielectric surface 

increases, as measured in DC surface current test. This increment is getting more 

significant with prolonged time of fluorination treatment. Interestingly, the improvement in 

surface conductivity enables trapped charges on the surface to leak away faster and, 

therefore, limits the surface charge accumulation from distorting the local electric field 

[186]. This observation explains the increasing trend in DC surface flashover voltage with 

fluorination time. As can be seen from PEA measurement in Chapter 5, fluorination 

treatment is also believed to introduce more traps on the surface layer. The charges that are 

trapped may block or shield further charge injection [43]. When further charge injection 

from the electrode is blocked, it will limit the number of charges accumulated along the 

surface and, hence, reduces their effect in enhancing the local electric field of the epoxy 

resin. The longer fluorination treatments of 30 and 60 min may result in more charge 

injection being blocked by the fluorinated layer. Consequently, it will reduce charge 

transport into the surface layer and, therefore, suppress space charge accumulation along 

the surface of epoxy resin under prolonged DC stress. 

 

Since a minimum voltage is anticipated below which breakdown is expected not to occur, a 

three-parameter Weibull estimate is carried out using the same ReliaSoft Weibull 7++ 

software. This software uses MLE method to calculate the value of the three Weibull 

parameters. However, this approach is problematic in three-parameter estimation for a few 

reasons. Weibull distribution itself does not satisfy the regulatory conditions for MLE 

method to be efficient [187]. This is because the domain for random variables depends on 

the value of shift parameter, γ. As revealed in [188], when β < 1, MLE method is regarded 

as not consistent as there may be more than one solution. When 1 < β < 2, the distribution 

of the estimates does not follow a normal distribution. Only when β > 2, the weak 

regularity conditions are met, and the MLE method is deem effective. It is also known that 

the MLE approach is biased and strongly depends on the shape parameter β and sample 

size n [189]. A review of some bias correction procedures are found to be based on two-

parameter Weibull only and do not generalise to three-parameter Weibull distribution 

[190]. 
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Due to the limitation in MLE method, this software only returns realistic estimations for 

breakdown distributions of F00 and F30. In the case of F60, however, the estimation for the 

Weibull parameter is unrealistic due the reasons stated earlier. One way to overcome this 

problem is by adapting a hybrid approach [191]; using the Least Squares method [192] to 

estimate the shift parameter, γ. Then, for consistency reason, MLE method was used to 

estimate the scale and shape parameters. Furthermore, MLE uses more of the information 

in the data, especially when there are only a few failures and the estimates are generally 

more precise [193, 194]. To implement this hybrid approach, a custom Weibull fitting 

function in MATLAB was adopted. The estimates for three-parameters Weibull for the 

preliminary breakdown test distribution were listed in Table 7-4. 

 

Sample Scale parameter (kV), α Shape parameter, β Shift parameter (kV), γ 

F00 2.0 + 0.3 3.0 + 1.0 12.0 

F30 3.1 + 0.5 3.0 + 0.9 12.3 

F60 6.6 + 0.4 6.5 + 2.3 11.1 

Table 7-4: Weibull parameters α, β, and γ for 300 μm surface-fluorinated epoxy resin samples of 
different fluorination duration undergoing surface flashover test in ambient air, estimated using 
hybrid approach; LSE and MLE with 95 % confidence bounds. 

 

From the Weibull estimation using the hybrid approach in Table 7-4, the scale parameter, 

α, can be seen increasing with fluorination level. This observation implies that the surface 

breakdown strength increases with fluorination time. These α values of three-parameter 

Weibull estimation are comparably small when compared against the α values from the 

two-parameter estimates. Similarly, the values for shape parameter, β, of three-parameter 

Weibull estimation are relatively small. Such observation is due to the introduction of a 

new shift parameter, γ, in the Weibull distribution equation, which literally shift the 

probability density function (PDF) of the data by γ amount.  While F60 sample shows the 

lowest value of shift parameter γ, it does not simply imply that the breakdown strength of 

F60 is the lowest. Rather, this is due to the way the F60 breakdown data is distributed. It is 

also noted that F60 sample has the highest value of parameter α and β. 
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Figure 7-10: Weibull distribution with two-sided 90 % confidence bounds for 300 μm epoxy resin 
samples of different fluorination time undergoing surface flashover test in nitrogen gas. 

 

Sample Scale parameter (kV), α Shape parameter, β 

F00 12.4 + 0.4 11.6 + 2.9 

F30 12.9 + 0.5 10.4 + 2.7 

F60 14.6 + 0.5 12.1 + 3.2 

F120 17.0 + 0.7 9.8 + 2.4 

F180 19.7 + 0.4 19.6 + 4.9 

F240 13.8 + 0.8 7.09 + 1.7 

Table 7-5: Weibull parameters α and β for 300 μm epoxy resin samples of different fluorination 
time undergoing surface flashover test in nitrogen gas. 

 

In the case of flashover in dried nitrogen gas, the flashover performance of the epoxy resin 

samples can also be described using Weibull distribution analysis. Assuming that the 
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random breakdown process follows the Weibull distribution, the graph of failure 

probability was plotted against the breakdown voltage, where failure probability indicates 

the likelihood of the breakdown occurrence in an applied field. The two-parameter Weibull 

distribution and parameters are shown in Figure 7-10 and Table 7-5. Since a minimum 

breakdown voltage is expected, a three-parameter Weibull estimation was also performed 

using the hybrid approach and the result is shown in Table 7-6. In a simple term, the scale 

parameter, α, represents the breakdown strength and the shape parameter, β, represents a 

measure of the spread and skewness of the breakdown data. The shift parameter, γ, 

represents the minimum voltage below which breakdown cannot occur. In general, both 

two-parameter and three-parameter estimates show an increasing trend in DC surface 

breakdown strength with the introduction of the fluorinated surface layer. The shift 

parameter, γ, is increasing with the increase in fluorination level except in the case of 

sample F240. However, there is no obvious trend seen for scale and shape parameters from 

the three-parameter Weibull estimates. 

 

Sample Scale parameter (kV), α Shape parameter, β Shift parameter (kV), γ 

F00 2.3 + 0.2 2.1 + 0.3 9.9 

F30 1.8 + 0.3 1.3 + 0.2 10.6 

F60 2.7 + 0.3 1.9 + 0.3 11.6 

F120 3.9 + 0.4 2.3 + 0.4 12.7 

F180 2.0 + 0.2 1.8 + 0.3 17.5 

F240 2.7 + 0.4 1.4 + 0.2 10.5 

Table 7-6 Weibull parameters α, β and γ for 300 μm surface-fluorinated epoxy resin samples of 
different fluorination duration undergoing surface flashover test in nitrogen gas estimated using 
hybrid approach; LSE and MLE. 

 

From the two-parameter estimates in Table 7-5, surface breakdown strength of a scale 

parameter 12.40 kV is observed for F00. The DC surface breakdown voltage increases as 

the fluorination time increases. The increase in breakdown voltage is marginal for F30 

sample. The highest scale parameter value (from two-parameter Weibull estimates) is 
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recorded for F180 sample with value as high as 19.72 kV with shape parameter of 19.60.  

From the three-parameter estimates in Table 7-6, F180 sample also recorded the highest 

shift parameter estimates of 17.5 kV. However, for F240 sample, a drop in scale parameter 

from two-parameter estimates, and shift parameter from three-parameter estimates is 

observed. This observation correlates to the relaxation time, ௥ܶ (time to reach 1/e of initial 

potential) from the curve fitting results of surface potential decay in Chapters 5 and 6. The 

relaxation time for each breakdown samples are plotted in Table 7-7. Figure 7-11 shows a 

plot of scale parameter from two-parameter Weibull estimates against the time constant for 

each fluorinated samples in order to establish the nature of this correlation.  

 

Sample Relaxation time, ࢘ࢀ 

F00 26.8 +  0.4 h 

F30 1.05 + 0.13 h 

F60 0.311 + 0.065 h 

F120 0.0523 + 0.0006 h 

F180 0.0109 + 0.0002 h 

F240 4.02 + 0.56 h 

Table 7-7: The relaxation time for each breakdown samples from curve fitting results of surface 
potential decay in Chapter 5 and 6. 

 

From the plot, in general, as the relaxation time decreases with the degree of fluorination, 

the surface breakdown strength increases. The fastest relaxation time can be observed for 

the F180 sample with a value of 0.0109 h, i.e. it took F180 sample just 39 s to dissipate the 

accumulated surface charges to 1/e of its initial surface potential. During the voltage 

ramping in surface breakdown test, with the ramping rate of 100 V s¯¹, the breakdown will 

happen within 2 to 3 min of ramping based on the scale parameter in Table 7-5. In the case 

of F180 sample, with a relaxation time of only 39 s, such fast relaxation time did have a 

significant impact on the flashover performance. F180 sample recorded the highest scale 

parameter of 19.72 kV within the ramping time of 2 to 3 min, hence, the highest surface 

flashover strength. For the F120 sample, with relaxation time of 3 min, it may take longer 
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time to dissipate the accumulated surface charges and, hence, its surface flashover strength 

is just below that of F180. 

 

 

Figure 7-11: The plot of breakdown voltage against the relaxation time for each fluorinated samples 
in order to establish the nature of this correlation. 

 

With the incorporation of fluorinated substituent onto the surface of epoxy resin samples as 

confirmed by surface current measurement in Chapter 4, the current reading along the 

dielectric surface increases with fluorination time [195]. The measured current is higher 

with longer time duration of fluorination treatment until it reaches a threshold point. 

Interestingly, the increase in surface conductivity enables trapped surface charges to move 

away faster and, as a result, suppresses the surface charge accumulation from distorting the 

local electric field [186]. Hence, the increasing trend in DC surface flashover strength over 

fluorination time with the highest surface breakdown strength is observed for sample F180. 

At 180 min of fluorination time, the surface layer is at optimum conductivity value which 

enables the generated surface charges to move away faster from traps. The increase in 

surface breakdown strength, which principally comes from the increase in surface 

conductivity, is largely attributed towards the ability of fluorinated surface to absorb 

surface moisture due to the increase in surface roughness [176] as explained thoroughly in 
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Chapter 6. The increase in surface conductivity is also attributed, to a lesser extent, to the 

increase in physical defects and/or structural changes from the fluorination treatment. 

These changes consequently introduce shallow traps on the surface which help to make the 

surface charges to decay faster. The increase in conductivity on the surface facilitates the 

ionisation process along the surface. The ensuing free surface charges are then accelerated 

by a high electric field and results in electrical conduction along the surface via avalanche 

multiplication from ionisation of molecules by ion impact. 

 

However, there is a limit to the increase in the degree of fluorination for which the surface 

breakdown strength can be enhanced. As evident in sample F240, in which at this point, the 

insulating surface has become less conductive (as discussed in Chapter 6) presumably from 

the decrease in wettability ability, as well as the introduction of deep traps on the surface 

layer. The presence of deep traps on the surface may aid in the accumulation of surface 

charges and consequently distort the localised electric field. In other words, the fluorination 

layer on sample F240 contributes towards the formation of breakdown path on the surface 

layer and effectively lowers the surface breakdown strength of the insulating material, as 

evidenced by the flashover data.  

 

By comparing the flashover data in nitrogen gas (Figure 7-10) with the preliminary 

flashover data in ambient air (Figure 7-9), it is important to note the general decrease in the 

surface breakdown strength of the samples in nitrogen gas. Ironically, the insulating 

nitrogen gas should, in fact, increase the surface breakdown strength of the samples since 

nitrogen gas, as an insulating medium, possess higher breakdown strength as discussed 

earlier. One possible explanation for such behaviour is due to the fact that the nitrogen 

chamber was vacuumed to 10¯¹ mbar in order to remove the remaining moisture inside the 

chamber. This action certainly may have caused some of the surface moisture on the 

sample to be removed as well, and, as a result, lower the surface conductivity values on the 

samples inside nitrogen gas chamber. This explains the overall high surface breakdown 

strength of the preliminary flashover data as compared to the flashover inside nitrogen gas. 

Alternatively, this observation can also be explained by the usage of stainless steel 
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electrodes in the preliminary flashover test while pure tungsten electrodes were used in the 

flashover inside nitrogen gas. It is known that pure tungsten has a work function value of 

4.55 eV while stainless steel has a higher work function value of 5.05 eV. The work 

function is the indication of the minimum energy needed to remove an electron from a solid 

to a point in the vacuum immediately outside the solid surface. Szklarczyk et al. [196] have 

shown that under DC condition, the breakdown strength increases as the work function of 

the metal electrode increases. As the electrode’s material work function increases, the 

magnitude of the current density injected onto the surface through high-field electron 

emission decreases. It is also believed that a greater degree of cathode shielding occurs 

when larger amounts of charge are injected into the gap as a result of high field emission.  

 

  

Figure 7-12: Images of surface breakdown for F00. the flashover discharges were initiated at the 
edge of the electrodes, where the electric field is at the highest point. 
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Figure 7-13: Images of surface breakdown for F180. The fact that the flashover for F180 happened 
at a higher breakdown voltage and, therefore, possesses a higher energy level, the flashover arc for 
the F180 is evidently bigger and brighter. 

 

Figure 7-12 and Figure 7-13 are the images captured by a high-speed camera during surface 

flashover occurrences for non-fluorinated epoxy (F00) and 180-min-surface-fluorinated 

epoxy (F180) respectively. In both cases, the flashover discharges were initiated at the edge 

of the electrodes, where the electric field is at its highest point. A discharge path was 

developed between the electrodes which lead to the surface breakdown process. The fact 

that the flashover for F180 happened at a higher breakdown voltage and, therefore, 

possesses a higher energy level, the flashover arc for the F180 is evidently bigger and 

brighter as in the images. 

 

7.6 CHAPTER SUMMARY 

Simulation of the potential and current density distribution of surface fluorinated epoxy 

resin had been carried out using COMSOL Multiphysics 3.5. The results obtained denote 

the influence of fluorinated surface layer in the outcome of the electric potential and current 

density distribution. The simulation analysis clearly indicates a slight reduction in the 

potential distribution inside the bulk of epoxy resin with the incorporation of the 

fluorinated surface layer. The extra concentration of current density can be seen on the 

surface of the fluorinated epoxy as the thickness of fluorinated layer increases. This is due 
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to the fact that the fluorinated surface layer has higher conductivity as compared to the 

bulk.  

 

Finally, from the DC flashover test, there is an obvious trend of increasing surface 

breakdown strength with the increase in the time duration of fluorination treatment. This is 

because the incorporation of the direct-fluorinated surface layer on epoxy resin slightly 

improves the conductivity along the surface. This improvement is largely attributed 

towards the ability of fluorinated surface to absorb surface moisture due to the increase in 

surface roughness as explained thoroughly in Chapter 6. The increase in surface 

conductivity is also attributed, to a lesser extent, to the change in physicochemical state of 

the fluorinated samples. Consequently, this improvement enables any trapped charges on 

the surface to leak away faster and, for this reason, suppresses the charges accumulation 

and minimises distortion of the local electric field on the epoxy resin surface. The highest 

value for surface breakdown strength is recorded from the 180-min-fluorinated sample that 

turns out to be the optimum duration for the direct-fluorination treatment. The results of 

this study demonstrate that the direct-fluorination treatment on epoxy resin appears to play 

a significant role in improving the dielectric properties of the epoxy resin.  
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8 CHAPTER EIGHT: PLASMA TREATMENT STUDY 
 

This chapter discusses the use of plasma treatment as an alternative method to direct-

fluorination for surface treatment. As discussed in Chapter 6 regarding moisture effect, we 

do know the increase in surface conductivity of fluorinated samples mostly comes from the 

absorption of surrounding moisture onto the epoxy surface. Albeit the added benefits of 

faster surface decay rate and higher surface breakdown strength, the usage of direct-

fluorinated treatment is debatable inside a very harsh condition (low humidity and high 

temperature). Hence, an alternative surface treatment method by utilising radiofrequency 

(RF) plasma is investigated for this purpose.  

 

8.1 THE CONCEPT OF PLASMA-ENHANCED FLUORINATION 

Radiofrequency plasma technologies using fluorination gas are widely used in etching 

industries, or polymerisation processes in microelectronics, and in material sciences. 

Similar to direct-fluorination, the plasma-enhanced fluorination (PEF) treatment can be 

conveniently carried out at room temperature since it has a low-temperature reaction. At 

low-temperature, the treatment will avoid the thermal degradation of the treated material. 

On top of that, the chemical modification is limited to the surface only by a few tens 

nanometres, whereas the direct-fluorination treatment may affect the top surface by a few 

tens micrometres. There is also a possibility for non-equilibrium reactions. Similar to 

direct-fluorination, the plasma-enhanced fluorination method allows the modifications of 

the surface properties without altering the bulk characteristics of the original material. This 

treatment can be carried out with different fluorination gases such as CIF₃, CF₄, CHF₃, C-

C₄F₈, C₃F₈, C₄F₈, NF₃, SF₆, F₂, and NF₃ [197]. Subject to the starting materials and 

adopted techniques, the improved characteristics may include mechanical behaviour, 

wettability, adhesion, grafting, chemical stability, biocompatibility, permeation, electrical 

conductivity, etc. Although fluorination treatment of polymeric materials by fluorine gas 

has been studied at length [198, 199], only a handful were focused on the outermost surface 

via PEF routes. 
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The attributes of C–F bonds that are formed during the reaction between the fluorine atoms 

and polymeric materials depend on several factors. The main factor being the PEF 

treatment conditions i.e. nature of the fluorinated gas, parameters of the low-pressure 

plasmas, etc. Another important factor that controls the nature of the C-F bonds is the 

physicochemical characteristics of the treated material i.e. graphitisation level, morphology 

of the material, nature and amount of impurities, the coherence length of the domains, etc. 

For instance, Tressaud et al. stated in their PEF work on polymers [47] that the C–F bonds 

that are formed on the surface can be attributed to CHF–CHF groups. Only 5–10 % of 

fluorine atoms are found on the surface. They further stated that the major components are 

‘ionic’ fluorides, in which fluorine is bound to inorganic elements that were presented 

during the fabrication process of the polymers. In PEF treatments at room temperature, a 

gentle fluorination occurs, and only a small amount of polymer surface is affected. 

Interestingly, PEF treatments at an elevated temperature yield more fluorination on the 

surface which leads to the formation of perfluorinated (–CF₂–) groups and even terminal –

CF₃ groups. In the latter conditions, the permeation properties are subsequently decreased. 

 

It is also important to note that, similar to direct-fluorination treatment, PEF treatment on 

polymeric materials does change the way the materials interact with surrounding moisture. 

The degree of the contact angle for treated polymers depends on the nature of the gas phase 

and plasma treatment conditions. For example, the treatment in an air, oxygen, nitrogen, or 

ammonia discharge leads to the transformation of polyethylene surface from hydrophobic 

to hydrophilic [200-202]. Meanwhile, the treatment in an SF₆, C₂F₆, or C₂F₄ plasma lets 

the hydrophobicity of polystyrene surface to be hugely increased [203]. An increase in 

treatment time, discharge current, and gas pressure, for instance, in the air plasma treatment 

of polypropylene [204] or polyimide [205] films results in a decrease in water contact angle 

Ψ. Additionally, the key changes in Ψ largely happen during a short treatment time (first 

15–120 s), which is also a distinctive feature of the treatment. It is important to note that 

PEF treatment does provide stable hydrophilicity that can be retained for a long time for 

practical use.  
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8.2 SAMPLE PREPARATION 

The same set of epoxy resin (Araldite LY556, Aradur 917, and DY070) was used to make 

the samples. Once cured, the samples were sent to Laboratory of Plasma Physics and 

Materials, Beijing to undergo plasma-enhanced fluorination treatment. The reaction gas 

was ignited by a RF source at 30 KHz. The reactor consisted of two aluminium barrel 

electrodes that were coated with alumina. The inner electrode, on which the sample was 

positioned, was connected to the RF source while the outer one was grounded. A vacuum 

pump was used with a liquid nitrogen condenser that trapped any residual gases. The 

chamber was thermostatically controlled and maintained at room temperature during the 

process. Several parameters could be tuned, especially, inlet precursor composition, e.g. the 

possible presence of a second gas with the fluorinated reagent. Table 8-1 describes the 

parameters used for the PEF treatment in the laboratory. For this project, CF₄ gas was used 

as the fluorinated reagent with a mixture of H₂ as the second gas. The plasma treatment 

was done at each discharge voltage of 60 V, 80 V and 100 V with different exposure time 

in the range of 10 to 20 min. For ease of identification, in the following text, the epoxy 

samples treated at the discharge voltage of V for the time of T minutes will be referred to as 

sample PVvTm (e.g. P60v10m stands for PEF sample with a discharge voltage of 60 V at 

an exposure time of 10 min). 

 

Sample CF₄ flow: 15 sccm 
Working pressure: 20 Pa 

P60v10m H₂ 7  sccm 

Exposure time  10 min 

Discharge voltage 
Current 

60 V 
0.23 A 

P80v10m H₂ 7  sccm 

Exposure time  10 min 

Discharge voltage 
Current 

80 V 
0.24 A 

P100v10m H₂ 6  sccm 

Exposure time  10 min 
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Table 8-1: Parameters for plasma-enhanced fluorination treatment. The unit sccm stands for 
standard cubic centimetres per minute, a flow measurement term.  

 

The fluorinated reagent of CF₄ plasma is comprised of fluorine atoms and CFₓ (x = 1–3) 

bonds. The addition of a second gas (reducing agent), such as H₂, should increase both CF 

and CF₂ bonds and decrease the number of fluorine atoms, by combining with them to 

form HF groups [206, 207]. Airoudj stated in his study [208] that from XPS measurements 

on plasma-treated epoxies in such conditions showed the presence of the three CF, CF₂ and 

CF₃ bonds whose proportions depend on plasma treatment duration and RF power. By 

using pure CF₄, the incorporation of fluorinated groups increases with elongated treatment 

Discharge voltage 
Current 

100 V 
0.26 A 

P60v15m H₂ 7  sccm 

Exposure time  15 min 

Discharge voltage 
Current 

60 V 
0.24 A 

P80v15m H₂ 8  sccm 

Exposure time  15 min 

Discharge voltage 
Current 

80 V 
0.24 A 

P100v15m H₂ 7  sccm 

Exposure time  15 min 

Discharge voltage 
Current 

100 V 
0.26 A 

P60v20m H₂ 7  sccm 

Exposure time  20 min 

Discharge voltage 
Current 

60 V 
0.24 A 

P80v20m H₂ 7  sccm 

Exposure time  20 min 

Discharge voltage 
Current 

80 V 
0.25 A 

P100v20m H₂ 7  sccm 

Exposure time  20 min 

Discharge voltage 
Current 

100 V 
0.26 A 
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time, but decreases with increasing RF power. On the contrary, by using CF₄ / H₂ plasma 

treatment, the incorporation of the fluorinated groups increases continuously even for long 

treatment duration (higher than 110 s). He also stressed that CF and CF₂ groups are 

preponderant whatever treatment time and RF power are.  

 

8.3 DC SURFACE CURRENT  

The freshly treated PEF samples were first subjected to electrical characterisation test in the 

form of DC surface current measurement. Once the epoxy sample was removed from the 

sealed bag, it was placed on top of the electrode setup similar to the previous DC surface 

current measurement in Chapter 4. The samples’ surface current value against time was 

plotted. Figure 8-1 shows plot of the time dependence of measured current for various 

plasma-enhanced fluorinated samples at a constant applied DC voltage of 5 kV across an 8 

mm gap. For comparison, the surface current of non-fluorinated sample (F00) from Chapter 

6 is included in the plot. The curve-fitting parameters for ࢙࡭ and ࢙࢈ based on the power law 

equation (Equation 4-3) are shown in Table 8-2. For consistency purpose, only the first 300 

s of the surface current measurement data is fitted. The measurement was performed for 60 

min at room temperature. It is noted that, for all the samples, the value of the resulting 

current drops significantly in the first minute (transient phase), and only settles down after 

about five minutes. However, the P100v samples show significant increment of surface 

current with time presumably due to moisture effect. It is important to note that the PEF 

treatment was performed onto the samples in Laboratory of Plasma Physics and Materials, 

Beijing, China. Once the treatment was done, the samples were placed in a sealed plastic 

bag for transportation. The transportation bag was not vacuumed, nor filled with dry gas, so 

a limited amount of ambient moisture was expected within the sealed plastic bag. 

Therefore, when the samples were taken out for measurements, the samples’ surfaces were 

still not in equilibrium with ambient moisture; i.e. the surface would absorb surrounding 

moisture. The increase in water absorption level on the surface with the prolonged 

fluorination time introduces more hydrogen and hydroxyl ions onto the surface and, thus, 

yields higher surface conductivity value. More detailed explanation on moisture effect on 

surface-fluorinated epoxy resin samples is given in Chapter 6.  
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Figure 8-1: Plots of time dependence of measured current for the original and plasma-enhanced 
fluorinated samples at a constant applied DC voltage of 5 kV across an 8 mm gap over 60 min at 
room temperature. 

 

Sample ࢙࡯ ࢙࢈  ࢙࡭ 

F00 1.96 x 10ିଵ଴ + 0.36 x 10ିଵ଴ 0.363 + 0.044 9.32 x 10ିଵଶ + 2.38 x 10ିଵଶ 

P60v10m 5.13 x 10ିଵ଴ + 0.25 x 10ିଵ଴ 0.509 + 0.033 2.72 x 10ିଵଵ + 0.04 x 10ିଵଵ 

P60v20m 9.95 x 10ିଵ଴ + 0.86 x 10ିଵ଴ 0.517 + 0.045 6.17 x 10ିଵଵ + 0.08 x 10ିଵଵ 

P80v10m 1.73 x 10¯⁹ + 0.14 x 10¯⁹ 0.529 + 0.033 1.10 x 10ିଵ଴ + 0.01 x 10ିଵ଴ 

P100v10m 1.44 x 10¯⁹ + 0.13 x 10¯⁹ 0.578 + 0.046 4.08 x 10ିଵ଴ + 0.03 x 10ିଵ଴ 

P100v20m 1.28 x 10¯⁹ + 0.32 x 10¯⁹ 0.581 + 0.046 2.93 x 10ିଵ଴ + 0.01 x 10ିଵ଴ 

Table 8-2: Parameter ࢙࢈ ,࢙࡭ and ࢙࡯ of curve-fitting on first 300 s data for the original and plasma-
enhanced fluorinated samples at 95 % confidence bounds. 
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A, 6.17 x 10¯¹¹ A and 1.10 x 10ିଵ଴ A respectively, showing a general increase with the 

treatment voltage and time. Treatment voltage does have a bigger impact on the surface 

current value. This trend confirms that the PEF treatment is an effective method to increase 

surface current on the polymeric surface. A comparable increase in electrical conduction 

was also discovered by H. Hayashi  et al. [209] on the plasma surface-modification done on 

polyethylene samples. When compared against the fitting parameters of direct-fluorination 

samples, the steady state current observed in P60v10m sample is broadly similar to the 

saturated sample of F60 from Chapter 6. However, this P60v10m sample does possess 

higher transient current.  

 

From Table 8-2, the exponential ࢙࢈ values for PEF samples, can be seen in a higher band as 

compared to value of F00 sample. Inside this band, value of exponential ࢙࢈  for PEF 

samples increases with fluorination level due to the low polarisation ability of the C-F bond 

[47, 109], where it is more difficult to re-orientate the bond, hence the general increase in 

the transient current. However, such observation is not seen in direct-fluorinated samples 

which possess exponential ࢙࢈ values similar to F00 sample. A possible explanation for this 

observation is due to the decrease in charge injection barrier [210, 211] as explained later in 

PEA results of the PEF samples. The reduction in charge injection barrier would likely see 

an increase in the number of injected charges as well as the number of trapped charges in 

the system, which presumably give rise to the transient current [170]. In a polymer chain, 

segments or side groups are mobile, to some extent. A trapped charge in a polymer chain 

may be marginally displaced by applied field due to the displacement of the polymer 

segment itself [212]. Displacement of the charge may be due to flexure of polymer chain 

segments, or by rotation of side chains as illustrated in Figure 8-2.  
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Figure 8-2 An illustration of trapped charges (black nodes A, C..) and empty sites (white nodes B, 
D..) in polymer chains [212]. Displacement of the charge may be due to flexure of polymer chain 
segments, as well as by rotation of side chains, which give rise to transient current. 

 

From Figure 8-1, the highest measured surface current comes from P100v10m sample with 

a measurement of 4.13 x 10ିଵ଴  A while, surprisingly, the P100v20m sample measured 

lower at 2.91 x 10ିଵ଴ A after the hour mark. It is believed that the lower current reading 

for P100v20m sample, as compared to P100v10m sample, can be attributed to the 

degradation of the fluorinated layer by ion bombardment coming from the plasma. This 

observation indicates that the extension of fluorination time is not always favourable to 

increase the surface conductivity of the epoxy resin insulator, especially at plasma 

treatment above 100 V. As discussed in Chapter 4, the conductivity values on the surface of 

the fluorinated epoxy samples are governed by the contest in the number of compositional 

changes and the structural changes i.e. the chemical defects and the physical defects in the 

fluorinated surface layer [116]. The integration of fluorine atoms in the fluorination 

treatment of polymeric materials is typically followed by physical and structural changes 

on the surface. The chain scission process, in particular, should produce substantial 

physical and structural modifications, as well as the disorder at the molecular level. 

Moreover, the introduction of structural changes on the surface of the treated material 

should incorporate physical defects on the surface layer, which are known to have trap 

depth shallower than the trap produced by chemical defects. Hence, it is believed that for a 
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fluorination time beyond a certain threshold limit as in the case of P100v samples, the drop 

in surface current value is caused largely by the increase in the number of chemical defects 

or compositional changes over physical/structural defects. 

 

8.4 MOISTURE EFFECT ON SURFACE CURRENT MEASUREMENT 

Plasma-enhanced fluorination treatment has been proven to be an effective tool to enhance 

the dielectric properties [63, 138, 213]. As seen from previous result, this treatment 

improves the surface current value and may enhance the surface potential decay rate, which 

helps to prevent the accumulation of surface charge and consequently improve the surface 

breakdown strength of epoxy samples. However, the author suspects the introduction of the 

fluorinated layer on epoxies through PEF treatment may have the capacity to absorb 

moisture from the environment, similar to the case of direct-fluorination treatment. The 

dielectric improvements from the fluorination treatment may not only come from the 

fluorine layer itself, but also from the absorbed moisture on the surface layer. In such 

instance, the loss of moisture from the surface may lead to a loss in dielectric performance 

of the treated materials.  

 

It is a well-known fact that plasma treatment, in general, is widely used to increase the 

printability of a surface by increasing the wettability factor. The increase in wettability 

gives rise to a huge amount of surface moisture being absorbed on the surface. In order to 

test the surface moisture effect, two sets of plasma-treated samples were left at ambient 

surrounding until the weight of each sample is stable i.e. the samples were in equilibrium 

with surrounding moisture and, therefore, didn’t absorb more water. The surface moisture 

from the first set is forcefully dried using vacuum-oven at high temperature. For this 

reason, the samples were put in a vacuum-oven at 105 °C for a duration of 48 hours. 

Another set of samples was dried inside nitrogen gas chamber for the same period. The 

samples were weighed, and readings for surface DC current were taken before, during, and 

after the drying process. To represent the measured surface current, the same power law 

fitting was used as in Equation 4-3. 
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 Weight before drying Weight after drying Percentage weight loss 

Day1 0.45005 + 0.0037 g 0.44537 + 0.0031 g 1.04% 

Day2 0.45005 + 0.0037 g 0.44530 + 0.0022 g 1.06% 

Table 8-3 Sample P100v10m weight before and after oven-drying for DC current test. The high 
percentage of moisture weight loss indicates a high amount of surface moisture on the sample  

 

 

Figure 8-3: Plots of time dependence of resulting current for P100v10m dried in vacuum-oven for 2 
days and the fitted lined. P100v10m shows reduced current reading as the drying day increases. 

 

For the P100v10m sample dried in vacuum-oven, the weight loss due to the drying process 

is 1.04 % after 24 hours (as in Table 8-3) and is reflected in the surface current 

measurement in Figure 8-3. There is a huge reduction in surface current after the 24-hour-

drying-process with the current reading at 4.33 x 10ିଵ  A, down from 1.02 x 10¯⁹ A 

initially i.e. a drop of 56.4 %. When the data of day 0 is compared against the data for the 

sample P100v10m in Figure 8-1, it can be seen that there is an increase in steady state 
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surface current value from of 4.13 x 10ିଵ଴ A to 1.02 x 10¯⁹ A after 60 min. This is due to 

the fact that the sample at day 0 is in equilibrium with surrounding moisture and, thus, 

possesses higher charge mobility as discussed in Chapter 6. On day 2, the weight loss is 

slightly higher at 1.06 % since most of the moisture had been dried away in day 1. The 

current measurement started lower for day 2 but ended up with the same value as day 1 

after 60 min since the surface was absorbing moisture as the measurement took place. 

When compared to the direct-fluorinated sample of F60 under the same vacuum-oven 

treatment, the P100v10m sample possesses higher surface current reading (F60 sample has 

a surface current value of 1.03 x 10ˉ¹¹ A) after 24 hours of drying. In terms of moisture 

loss, P100v10m sample suffers more weight loss as compared to F60 sample (1.04% 

against 0.71 % weight loss) indicating a high amount of surface moisture in plasma treated 

samples.  

 

P100v10m ࢙࡯ ࢙࢈  ࢙࡭ 

Day0 6.43 x 10¯⁹ + 1.62 x 10¯⁹ 0.603 + 0.071 1.02 x 10¯⁹ + 0.26 x 10¯⁹ 

Day1 2.72 x 10¯⁹ + 0.18 x 10¯⁹ 0.578 + 0.020 4.33 x 10ିଵ଴ + 1.10 x 10¯⁹ 

Day2 1.59 x 10¯⁹ + 0.28 x 10¯⁹ 0.568 + 0.051 4.33 x 10ିଵ଴ + 1.10 x 10¯⁹ 

Table 8-4: Parameter ࢙࡭ and ࢙࢈ of curve-fitting on first 300 s data for P100v10m dried in vacuum-
oven for 2 days at 95 % confidence bounds. 

 

As for the curve-fitting parameters in Table 8-4, the exponential ܾ௦ values can be regarded 

as common within the two days of drying, similar to the observation in dried direct-

fluorinated samples. This observation indicates that the polarisation mechanism during 

transient current phase remain the same before and after the drying process. A notable 

difference during the oven-drying process can be seen in the reduction of parameter ܣ௦ 

with drying time due to the reduction in moisture-assisted charge injection. When 

compared against dried direct-fluorinated samples, the values of parameter ܣ௦  for PEF 

sample are higher by 10 order. Again, this can be attributed to the increase in charge 
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injection as a result from reduction in injection barrier for PEF samples as explained 

earlier. 

 

It is noteworthy that drying the sample in a vacuum-oven at a temperature of 105 °C for 

more than 24 hours is an extreme measure to remove the moisture from the surface. A 

significant weight loss up to 1.04 % was recorded within 24 hours of drying, even higher 

than the value of the recorded weight loss for direct-fluorination sample in Chapter 6. 

Accordingly, the samples were dried in insulating gas at room temperature instead. The 

insulation gas that was used for this test is dry nitrogen gas. To test the moisture effect for 

samples dried in nitrogen gas, the same set of procedure was repeated as before. Instead of 

using the vacuum-oven at 105 °C, this time, the samples were dried in a nitrogen gas 

chamber at room temperature for 48 hours. The nitrogen-dried samples were weighed, and 

measurements of DC current were taken before, during, and after the drying process. 

 

 Weight before drying Weight after drying Percentage weight loss 

Day1 0.4613 + 0.0024 g 0.4598 + 0.0014 g 0.32% 

Day2 0.4613 + 0.0024 g 0.4593 + 0.0011 g 0.43% 

Table 8-5 Sample P60v20m weight before and after nitrogen-drying for DC current test. The weight 
loss for PEF samples are comparably higher than the loss in direct-fluorinated samples. 

 

After 24 hours of drying in nitrogen gas, the weight loss for sample P60v20m is 0.32 % as 

in Table 8-5. This small weight loss is reflected in the surface current measurement in 

Figure 8-4. Before drying, the steady state current reading after 60 min is 5.81 x 10ିଵ଴ A 

(Day 0). The current measurement shows a small reduction in surface current reading after 

the nitrogen-drying treatment. The current measurement after one day of drying is 4.17 x 

10ିଵ଴ A (i.e. a drop of 28.2 %) and the current value drops to 3.41 x 10ିଵ଴ A after the 

second day (i.e. a drop of 41.3 %). The drops in current value are much lower as compared 

to the drops of the oven-dried sample. Again, the exponential ܾ௦ values in Table 8-6 at day 

0, day 1, and day 2 can be regarded as common after the drying in nitrogen gas, similar to 
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the samples dried in vacuum-oven in Table 8-4. The removal of absorbed moisture through 

drying would not change the physicochemical state of the system, hence the common value 

of exponential ࢙࢈. Nevertheless, the removal of absorbed moisture from the surface would 

reduce the moisture-assisted charge injection and, therefore, the decrease in parameter ܣ௦. 

 

 

Figure 8-4: Plots of time dependence of resulting current for P60v20m dried in nitrogen gas for 2 
days and the fitted lined. P60v20m shows reduced current reading as the drying day increases. 

 

P60v20m ࢙࡯ ࢙࢈  ࢙࡭ 

Day0 5.65 x 10¯⁹ + 0.43 x 10¯⁹ 0.516 + 0.019 5.81 x 10ିଵ଴ + 1.48 x 10ିଵ଴ 

Day1 2.16 x 10¯⁹ + 0.16 x 10¯⁹ 0.502 + 0.020 4.17 x 10ିଵ଴ + 1.06 x 10ିଵ଴ 

Day2 1.59 x 10¯⁹ + 0.20 x 10¯⁹ 0.492 + 0.035 3.41 x 10ିଵ଴ + 0.41 x 10ିଵ଴ 

Table 8-6: Parameter ࢙࡭ ࢙࢈ ,  and ࢙࡯ of curve-fitting on first 300 s data for P60v20m dried in 
nitrogen gas for 2 days at 95 % confidence bounds 
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From the moisture effect results, it is evident that the nitrogen-dried sample shows better 

dielectric properties in term of DC surface current values. Most of the moisture on the 

surface of the oven-dried sample were vaporised when dried at 105 °C for 24 hours. It is 

interesting to note from Table 8-3 and Table 8-5, the loss of mass due to water vaporisation 

and diffusion are larger for PEF samples when compared to direct-fluorination samples, 

indicating good wettability value and small water contact angle on the surface of PEF 

samples. The findings are in line to the work done by Wu [214] which confirms that the 

PEF treatment of polymer surfaces in air, oxygen, inert gases, or their mixtures leads to a 

change in the water contact angles. In another work done by Gil’man [213],  he has shown 

that the generation of charge states have a significant contribution towards the 

hydrophilisation of the surface. For polymeric materials treated in the DC or AC glow-

discharge cathode fall, it was discovered that a negative charge from localisation of injected 

plasma electrons in different traps is formed on the film surface facing the electrode and in 

the near-surface layer. He concludes that charge induced on the polymer surface is the main 

cause of variation in the contact angles on polymers and an increase in their surface energy 

in some cases. A similar study by Y. Ma et al. [215] confirms that plasma treatment on 

polymer surface shows that as the treatment time increases, the contact angle decreases and 

the surface energy increases. Both the surface roughness and the oxygen-containing groups 

increase after the treatment. As discussed in Chapter 6, the small water contact angle for 

fluorinated epoxy samples is attributed to the introduction of polar groups of -C-H-F-, as 

well as the chain scission process that introduced a highly polar group inside the fluorinated 

layer. The absorbed water on the surface does possess higher conductivity value due to the 

higher mobility of hydrogen and hydroxyl ions. The loss of moisture on the surface hugely 

affects the DC current values and the corresponding decay rates. However, as can be seen 

in Figure 8-3, the steady state current value of the oven-dried P100v10m sample (4.33 x 

10ିଵ A) is lower than its initial value in day 0 (1.02 x 10¯⁹ A), but much higher than the 

steady state current value of non-fluorinated epoxy sample (9.40 x 10¯¹² A). This implies 

that, even after the surface moisture had been dried away, the fluorinated layer still 

possesses a relatively high intrinsic value of surface current. Such observation is none 

existence in direct-fluorination sample of F60. This observation is comparable to the work 

done by Liu et al. [179] in which they observed an intrinsically high surface conductivity 
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value for the fluorinated sample as compared to the original sample surface at low relative 

humidity (RH).  

 

8.5 POTENTIAL DECAY MEASUREMENT  

Similar to previous surface potential decay measurement setup in Chapter 5, the PEF 

sample was placed on top of a rotatable earthed electrode plate, just underneath the high-

voltage needle electrode and the wire mesh grid electrode. In this experimental setup, the 

distance between the needle and the grid was 4.5 cm while the distance between the grid 

and the ground plate was 1.5 cm. The grid had a surface area of 150 cm², wide enough to 

provide uniform distribution of corona charge on the sample surface of 16 cm² (4 cm x 4 

cm). The PEF epoxy samples were negatively charged by corona effect on their free 

surface for one minute. The needle and grid voltage were -16 kV and -5 kV respectively. 

Immediately after charging, the sample was quickly moved using the rotating system 

towards a compact JCI 140 static monitor to measure the surface potential decay and the 

decay’s time characteristic was plotted.  

 

Different rates of surface potential decay for epoxy resin samples of different plasma 

voltage and time can clearly be observed, as shown in Figure 8-5 and Figure 8-6. At a 

constant plasma treatment time of 10 min, the increase in treatment voltage translates into 

an increase in potential surface decay rate. The fastest decay rate is observed for P100v10m 

sample followed by P80v10m sample and P60v10m sample with values of relaxation time, 

௥ܶ , 18.7 min, 18.2 min, and 9.9 min (from Table 8-7) respectively. Against direct-

fluorination samples, the decays of these plasma-fluorinated samples are comparable to 

those between F30 and F60 samples. Similarly, the increase in decay rate mainly occurs 

because the increase in treatment voltage may have increased the surface current value of 

epoxy samples as proven earlier. Consequently, this improvement may enable any trapped 

charges on the surface to move away faster as reflected from the resulting plot. From the 

pre-exponential ratios in Table 8-7, it can be deduced that the number of mobile charges 

(shallow traps) is increasing with plasma voltage while the number of trapped charges in 

deep traps is decreasing, indicating the conductivity is increasing with the degree of 
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fluorination. From the exponential parameters, the values for time constant ࢓࡮ are broadly 

similar, suggesting that the average shallow trapping level is constant with the plasma 

treatment. The value for time constant ࢚࡮, on the other hand, shows a significant decrease 

as the plasma voltage increases, implying a decrease in the average deep trapping value, 

hence faster decay. The faster decay can also be attributed to the increase in moisture 

assisted charge movement as the absorbed surface moisture increases with the degree of 

fluorination, as seen in direct-fluorinated samples in Chapter 6. 

 

When compared against the fitting parameters of direct-fluorinated samples, the time 

constant values of  ࢓࡮ and ࢚࡮ for P100v10m sample in Table 8-7 are broadly similar to 

F60 sample from preliminary surface decay measurement in Table 5-1. P100v10m sample 

also exhibit higher ratio for ࢓࡭which result in faster relaxation time ࢘ࢀ . In the case of 

P80v10m samples, the exponential parameters ࢓࡮  and ࢚࡮  are largely similar to the 

saturated F60 day 0 sample from Table 6-4. For P60v10m sample, the values of the time 

constant parameters fall in between the values for F30 and F60 from the preliminary 

surface current measurement while the values for pre-exponential ࢓࡭  of P60v10m is 

relatively higher. Although PEF samples possess comparably high surface current value, as 

well as higher intrinsic surface current value when the surface moisture was dried, as 

evident from surface current measurement, the decay properties of PEF samples are only 

equivalent to direct-fluorinated F30 and F60 samples. The same observation can be seen 

from Table 8-8, with the time constant values of  ࢓࡮ and ࢚࡮ for the P60v15m sample are 

broadly similar to the time constants of saturated F60 day 0 sample, while the time constant 

values of  ࢓࡮ and ࢚࡮ for the P60v20m sample are broadly similar to the time constants of 

F60 sample from preliminary surface decay measurement. Again, the PEF samples from 

Table 8-8 also exhibit higher ratio for pre-exponential ࢓࡭ presumably due to higher surface 

moisture content and, hence, more charges become mobile from moisture assisted charge 

movement. 
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Figure 8-5: Potential decay for plasma-enhanced fluorinated epoxy resin samples with varying 
treatment voltage and the fitted lines. The plot exhibits faster decay rate as the plasma treatment 
voltage increases. 

 

Sample ࢓࡭ 
࢓࡭

࢓࡭) + (࢚࡭
 ࢚࡭ 

࢚࡭

࢓࡭) + (࢚࡭
 ࢚࡮ ࢓࡮ 

 ࢘ࢀ

P60v10m 
1.09 + 

0.02 

0.42 + 

0.02 

1.48 + 

0.03 

0.58 + 

0.02 

195 + 6 3130 + 

120 

0.413 h 

P80v10m 
1.05 + 

0.02 

0.46 + 

0.02 

1.23 + 

0.04 

0.54 + 

0.03 

194 + 6 2810 + 

110 

0.303 h 

P100v10m 
1.21 + 

0.03 

0.48 + 

0.03 

1.33  + 

0.06 

0.52 + 

0.04 

192 + 7 1450 + 

50 

0.165 h 

Table 8-7: Parameters ࢚࡭ ,࢓࡭, ratios, ࢚࡮ ,࢓࡮ and ࢘ࢀ of curve-fitting result for plasma-enhanced 
fluorinated epoxy resin samples with varying treatment voltage at 95 % confidence bounds 
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When the treatment voltage is kept constant and the treatment time is varied, the increase in 

decay rate (which is determined by the surface conductivity value) is even more significant 

with a prolong time of plasma treatment, as can be seen in Figure 8-6. The fastest decay 

rate is observed for P60v20m sample, followed by P60v15m sample and finally P60v10m 

sample with values of relaxation time, ௥ܶ, 18.7 min, 20.0 min, and 24.8 min (from Table 

8-8) respectively. This trend signifies that, in general, the increase in treatment time would 

also increase the surface conductivity as well as the decay rate of the treated surface. 

However, there is an exception to this trend, as can be seen earlier from the current 

measurement where the increase in treatment time for the plasma-enhanced fluorinated 

samples treated at 100 V results in a decrease in the current reading and the decay rate as 

well (the decay rate for P100v samples is not shown here). The changes in decay rate is in 

agreement with the increase in surface current as measured earlier, which implies that the 

surface current value determines the resulting potential decay rate. From the pre-

exponential ratios in Table 8-8, the ratios of ࢓࡭ and ࢚࡭ are broadly similar, suggesting that 

the number of mobile charges (shallow traps) and the number of trapped charges in deep 

traps remain the same as the degree of fluorination increases. From the exponential 

parameters, the values for time constant ࢓࡮ are also broadly similar, suggesting that the 

average shallow trapping level is constant with the plasma treatment. The value for time 

constant ࢚࡮ , on the other hand, shows a significant decrease as the plasma duration 

increases, implying a decrease in the average deep trapping value, hence faster decay.  

 

In this study, however, there is no data available regarding the moisture effect on surface 

potential decay performances of PEF samples. More work need to be done in investigating 

the dependability of PEF samples on absorbed moisture in the improvement of dielectric 

performances. This is crucial as it is evident in direct-fluorinated samples, the improvement 

in dielectric properties of direct-fluorinated samples largely comes from the capacity of the 

treated surface to absorb moisture. The physicochemical change in the direct-fluorinated 

samples only play a minor role in the dielectric improvement. 
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Figure 8-6: Potential decay for plasma-enhanced fluorinated epoxy resin samples with varying 
treatment time and the fitted lines. The plot exhibits faster decay rate as the plasma treatment time 
increases. 

 

Sample ࢓࡭ 
࢓࡭

࢓࡭) + (࢚࡭
 ࢚࡭ 

࢚࡭

࢓࡭) + (࢚࡭
 ࢚࡮ ࢓࡮ 

 ࢘ࢀ

P60v10m 
1.09 + 

0.02 

0.42 + 

0.02 

1.48 + 

0.03 

0.58 + 

0.02 

195 + 6 3130 + 

120 

0.413 h 

P60v15m 
1.15 + 

0.03 

0.43 + 

0.02 

1.55 + 

0.04 

0.57 + 

0.03 

193 + 6 2510 + 

100 

0.334 h 

P60v20m 
1.14 + 

0.02 

0.41 + 

0.01 

1.62 + 

0.03 

0.59 + 

0.02 

195 + 7 1950 + 

80 

0.312 h 

Table 8-8: Parameters ࢚࡭ ,࢓࡭, ratios, ࢚࡮ ,࢓࡮ and ࢘ࢀ of curve-fitting result for plasma-enhanced 
fluorinated epoxy resin samples with varying treatment time at 95 % confidence bounds 
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8.6  SPACE CHARGE MEASUREMENT  

To further examine the charge dynamics in the PEF samples, the charge measurement in 

the bulk may provide supporting evidence. The PEA method was used to observe the space 

charge behaviour inside the fluorinated epoxy sample. A voltage of 7 kV was applied to 

samples of approximately 300 μm in thickness (23.33 V mm¯¹) at room temperature for 

120 min. At each time interval (0 min, 1 min, 3 min, 5 min, 60 min, and 120 min), a pulse 

of 600 V was applied to generate acoustic pulses from the stored charges within the 

dielectrics for measurement purposes. After 120 min, the voltage supply was turned off, 

and the decay measurement was taken at every time interval for 1 hour. Unlike previous 

samples of direct-fluorination, these PEF samples were treated on one surface only. For a 

start, the treated surface was placed at the cathode where the accumulation of charges was 

bound to happen based on the previous result of original epoxy sample F00. 

 

 

Figure 8-7: Charge build-up in P60v10m at 7 kV (23.33 V mm¯¹) for 120 min. Arrow A and B 
show the charge accumulation position 
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Figure 8-8: Charge decay in P60v10m for 60 min when the voltage source is removed 

 

 

Figure 8-9: Charge build-up in P80v10m at 7 kV (23.33 V mm¯¹) for 120 min. Arrow C and D 
show the charge accumulation position. 
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Figure 8-10: Charge decay in P80v10m for 60 min when the voltage source is removed. 

 

 

Figure 8-11: Charge build-up in P100v10m at 7 kV (23.33 V mm¯¹) for 120 min. Arrow E and F 
show the charge accumulation position 
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Figure 8-12: Charge decay in P100v10m for 60 min when the voltage source is removed. 
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formation of homocharges inside epoxy resin sample is due to charge injection from 

adjacent electrodes. At higher treatment voltage as in P100v10m (as seen in Figure 8-11), 

charge accumulation in the bulk appears to be greatly enhanced (arrow E and F). From 

previous PEA measurement on direct-fluorinated samples, the fluorinated layer acts as a 

shield to block further charge injection from the electrodes. However, this is not the case 
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decay waveform in Figure 8-8, Figure 8-10 and Figure 8-12, the fast dissipation of injected 

charges, near the electrodes, after voltage removal, implies that there is a fast de-trapping 

process going on near the surface, and the charges were then extracted at the neighbouring 

electrode, similar to the case of direct-fluorination sample. However, in the bulk, the decay 

of the accumulated homocharges is relatively slower due to the slow bulk conduction in 

epoxy. It is important to note that all the samples under investigation possess high glass 

transition temperature ௚ܶ (128 °C from DSC measurement) while the PEA measurements 

were performed at room temperature. While the PEF samples were deep in their glassy 

state, when the voltage was turned off, the movement of accumulated charges from the bulk 

would be restricted. Small portion of homocharges can still be seen in the bulk at the end of 

the decay measurement. Therefore, plasma-enhanced fluorination treatment is believed to 

provide fast decay on the surface and at the same time allows charge accumulation into the 

bulk in the presence of a high electric field.  

 

In order to see the charge dynamics of the plasma-enhanced fluorinated layer at anode, the 

PEA measurement was repeated with the sample being flipped over (the sample is turned 

upside-down) i.e. the treated surface facing anode. Figure 8-13 and Figure 8-15 show the 

charge formation inside sample P60v10m and P80v10m that were flipped over so that the 

high voltage electrode is in contact with the treated surface. A similar pattern of charge 

formation can be seen, but, to a lesser degree than the previous measurement. The plasma-

enhanced fluorinated surface still allows charge accumulation in the bulk (arrow G and I) 

and a same magnitude but opposite polarity charge is seen at the opposite end (arrow H and 

J).  
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Figure 8-13: Charge build-up in flipped (the sample is turned upside-down) P60v10m at 7 kV 
(23.33 V mm¯¹) for 120 min. Arrow G and H show the charge accumulation position 

 

 

Figure 8-14: Charge decay in in flipped (the sample is turned upside-down) P60v10m for 60 min 
when the voltage source is removed. 
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Figure 8-15: Charge build-up in flipped (the sample is turned upside-down) P80v10m at 7 kV 
(23.33 V mm¯¹) for 120 min. Arrow I and J show the charge accumulation position 

 

 

Figure 8-16: Charge decay in in flipped (the sample is turned upside-down) P60v10m for 60 min 
when the voltage source is removed. 
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The movement of charges into the bulk for both cases of PEA measurement (flipped and 

non-flipped) for PEF samples implies that the treatment does modify the surface and 

possibly the bulk characteristics of the treated materials to a certain extent. Such 

observations are not without precedent. The plasma treatment on the epoxy sample is 

believed to have caused a reduction in charge injection barrier, which makes it easier for 

charges to be injected into the sample. The reduction in charge injection barrier becomes 

more severe as the intensity of the plasma treatment increased, as observed in the PEA 

data. For this reason, the formation of homocharges inside the bulk is clearly evident, 

which is not visible in the direct-fluorinated samples, as well as the original sample. A 

comparable reduction in barrier height (0.4 – 0.5 eV) was also discovered by Paskeleva et 

al. [210] on the plasma treated material resulting from the plasma-generated charges 

breaking of strained bonds. Another study conducted by T. Y. Chang et al. [211] on CF₄ 

plasma pre-treatment revealed that the plasma-fluorinated material possesses lower barrier 

height when compared to the original sample. 

 

Another possible theory to explain the formation of homocharges is through the bulk 

modification. Although plasma treatment is known to modify only the surface of the treated 

material, there are instances in which the treatment had led to substantial changes to the 

structure, comprising the whole volume, as well as the polymer surface [216-219].  In 

direct-fluorination sample, no charge movement is observed in the bulk of epoxy because 

the materials were deep in their glassy state and, therefore, the polarisation and movement 

of any internal impurities present in the materials will be restricted. However, this is not the 

case for plasma-treated samples as charge formation can clearly be observed in the bulk. 

Ironically, it is important to note that until recently, the plasma treatment of polymers was 

regarded to be a treatment limited to modification to the surface properties only. Structural 

and chemical changes happened only on the surface and did not affect the bulk properties 

of polymeric materials. In fact, the plasma UV radiation may breach into the bulk of a 

polymeric material and may change its bulk properties. The penetration depth and 

absorption of the UV radiation depend on the properties and structure of the modified 

material. In a similar case, by adopting differential scanning calorimetry (DSC), IR 

spectroscopy, and X-ray diffraction techniques on plasma treated “quenched” 
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polypropylene, Yoshimura et al. [216] revealed the transformations from the amorphous to 

the smectic phase, as well as from the smectic to the α-crystalline phase.  

 

8.7 DC FLASHOVER 

From the previous results of DC current, surface decay and PEA measurement, one can 

clearly see the change in electrical properties of plasma-enhanced fluorinated epoxy resin 

in term of dissipating the accumulated charge along the surface of the insulating material. 

Furthermore, this trait should lead to an increase in surface flashover strength as the 

dissipation of the accumulated surface charge is one of the key factors that influence the 

surface flashover performance. The surface flashover strength is defined as a measure of 

insulation surface to resist decomposition under voltage stress. The applied voltage causes 

the top insulation to fail through a surface discharge and ruptures the surface insulation. In 

this test, each fresh samples were subjected to 2 flashovers at different location on the 

treated surface. A two-parameter Weibull distribution with 90 % confidence bounds was 

plotted in Figure 8-17, with the estimated parameters listed in Table 8-9. Since minimum 

flashover voltage is expected, the three-parameter Weibull distribution was also carried out. 

Again, fitting method using hybrid approach was adopted in order to get the best fitting 

result. The three-parameter Weibull estimated parameters are listed in Table 8-10. 
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Figure 8-17: Two-parameter Weibull distribution with two-sided 90 % confidence bounds for PEF 
epoxy resin samples of different plasma voltage and time 

 

Sample Scale parameter (kV), α Shape parameter, β 

P00 12.7 + 0.9 7.2 + 2.3 

P60v10m 13.7 + 0.8 9.2 + 3.1 

P60v20m 13.9 + 0.8 9.2 + 2.7 

P80v10m 14.2 + 0.7 11.1 + 3.8 

P100v10m 15.2 + 1.1 7.2 + 2.4 

P100v20m 14.8 + 1.0 7.7 + 2.5 

Table 8-9: Weibull parameters α and β for PEF epoxy resin samples of different plasma voltage and 
time 
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Sample Scale parameter (kV), α Shape parameter, β Shift parameter (kV), γ 

P00 1.9 + 0.5 0.9 + 0.2 10.0 

P60v10m 6.2 + 0.4 3.8 + 0.8 7.4 

P60v20m 4.5 + 0.5 2.6 + 0.5 9.2 

P80v10m 6.3 + 0.4 4.5 + 1.0 7.8 

P100v10m 7.1 + 0.6 3.0 + 0.7 7.9 

P100v20m 5.9 + 0.6 2.9 + 0.6 8.7 

Table 8-10: Weibull parameters α, β and γ for 300 μm surface-fluorinated epoxy resin samples of 
different fluorination duration undergoing surface flashover test in nitrogen gas estimated using 
hybrid approach; MLE and LSE. 

 

The result in Figure 8-17 shows an increasing trend in DC surface breakdown strength with 

the introduction of the fluorinated surface layer. For non-fluorinated epoxy resin sample 

(P00), lower surface breakdown strength with a low shape parameter is observed. Whereas, 

the treated samples, in general, show a clear improvement in surface breakdown strength as 

the treatment voltage and time increases. The highest surface breakdown voltage was 

observed in sample P100v10m, while sample P100v20m experiences a small drop in 

surface breakdown voltage due to a lower surface conductivity value.  A comparable 

increase in the bulk breakdown voltage was also discovered by M. Binder et al. [220] in the 

work done on the CF₄ plasma-treated polymer films. They recorded a 14 % increase in the 

bulk breakdown voltage. The outcome of the three-parameters Weibull estimates in Table 

8-10 doesn’t show any clear trends in the three estimated parameters with the increase in 

degree of fluorination. Sample P100v10m, for example, is estimated to have a minimum 

breakdown voltage of only 7.9 kV from the three-parameter Weibull estimation, where at 

the same time, from the two-parameter Weibull estimation, P100v10m possesses the 

highest scale parameter of 15.2 kV. Likewise, the original P00 sample is estimated to have 

the highest minimum voltage of 10.0 kV. Such unclear trend can be attributed to the close 

distribution of the breakdown data. In addition, the data points do not fall on a concave up 

or down curve, but on a straight line, which is more suited for two-parameter Weibull 

distribution. The small number of breakdown samples also contributes towards a bias 

estimation which ultimately return unsatisfactory results. 
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Nevertheless, the two-parameter Weibull distribution, in general, show a clear 

improvement in surface breakdown strength as the treatment voltage and time increases. 

This observation correlates to the relaxation time, ௥ܶ (time to reach 1/e of initial potential) 

from the curve fitting results of surface potential decay in Table 8-7 and Table 8-8. 

However, there is no relaxation time data available for sample P100v20m. The available 

relaxation times are plotted against the scale parameter from two-parameter Weibull 

distribution in Figure 8-18, to further demonstrate the nature of this correlation. In general, 

as the relaxation time decreases with the fluorination level, the surface breakdown strength 

increases. The fastest relaxation time can be observed for the P100v10m sample with a 

value of 0.165 h, i.e. it took P100v10m sample just 594 s to dissipate the accumulated 

surface charges to 1/e of its initial surface potential. During the voltage ramping in surface 

breakdown test, with the ramping rate of 100 V sˉ¹, the breakdown would occur in take 2 to 

3 min based on the scale parameter. In the case of P100v10m sample, with a relaxation 

time of 594 s, the decay rate did have a significant impact on the flashover performance 

(with the highest scale parameter of 15.2 kV) within the ramping time of 2 to 3 min, hence 

the highest surface flashover strength.  

 

When compared against the breakdown data of direct-fluorinated samples in Table 7-5, The 

surface flashover performances of PEF samples are comparable to the performances of F30 

and F60 samples. The scale parameter from Table 8-9 for all the PEF samples are largely 

similar to the scale parameter of F30 and F60 samples. This observation is consistent with 

the surface decay performances of PEF samples, which show broad similarity with the 

decay of performances of direct-fluorinated samples of F30 and F60.  
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Figure 8-18: The plot of scale parameter against the relaxation time for each PEF samples. As the 
relaxation time decreases with the fluorination level, the surface breakdown strength increases. 

 

With the introduction of fluorinated substituent onto the surface of epoxy resin sample, the 

conductivity along the dielectric surface is increased, as proven in DC surface current test. 

This increment is getting more significant with higher treatment voltage and longer 

exposure time. Interestingly, improvement in surface conductivity enables trapped charges 

on the surface to move away faster and, therefore, limits surface charge accumulation from 

distorting the local electric field. Hence, the increasing trend in DC surface flashover 

strength over fluorination time. Equally, the increase in breakdown strength is mainly 

attributed to the increase in the conductivity and decay rate on the surface. When surface 

charge is easily dispersed, it may limit the number of charge accumulation along the 

surface and, therefore, reduced their effect in enhancing the localised electric field on 

epoxy resin. As evidenced by the Weibull distribution for PEF samples, the higher 

treatment voltage and longer treatment time may result in more charge being dispersed 

from the surface. Consequently, it will reduce charge transport onto the surface layer and, 

therefore, suppress space charge accumulation along the surface of epoxy resin under 

prolonged DC stress. 
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8.8  CHAPTER SUMMARY 

This chapter was designed to determine the effect of the plasma-enhanced fluorination 

treatment on epoxy resin structure as an alternative to improving the dielectric properties of 

the material for the use in high voltage DC applications. The PEF treated epoxy resins had 

been electrically characterised and investigated to give a better understanding of its 

insulating performance. The results of this study show that the PEF treatment on epoxy 

resin appears to be a suitable alternative in improving the dielectric properties of cast epoxy 

resins.  

 

The result from DC surface current test shows a general increase in surface current with 

respect to the treatment voltage and time. The PEF samples do absorb a substantial amount 

of surface moisture that enhances its surface conductivity value, but can still retain the 

intrinsic surface conductivity value when the surface moisture is lost. Also, the fluorinated 

epoxy resins were subjected to surface potential decay test with negative corona discharge, 

as well as PEA analysis to determine the charge dynamics in this insulation materials. With 

an increase in fluorination time, substantial increase in the decay rate of the surface 

potential is seen due to higher surface current value, similar to the effect in the direct-

fluorinated samples of F30 and F60. From the PEA data, a large amount of homocharges is 

observed inside the bulk, which is not visible inside the direct-fluorinated sample. This is 

because the introduction of plasma-fluorinated surface layer does not have the same 

suppression effect as in the direct-fluorination treatment.  

 

Finally, from the two-parameter Weibull estimates of DC flashover data, there is a clear 

trend of increasing surface breakdown strength as the treatment voltage and time increases, 

since the incorporation of a fluorinated surface layer on epoxy resin increases the 

conductivity along the surface. This treatment enables any trapped charges on the surface to 

move away faster and, therefore, reduces the effect of distortion of the local electric field 

on the epoxy resin surface. These plasma-treated samples are comparable to F30 and F60 

samples from direct-fluorination treatment in terms of surface potential decay rate, and 
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surface flashover performance. From space charge dynamics study, injected charges can 

easily accumulate in the bulk of the PEF material as the surface treatment is believed to 

have reduced the injection barrier, as opposed to direct-fluorination treatment that blocks 

charge injection into the bulk. Regarding the moisture effect, the PEF treated samples have 

higher intrinsic surface conductivity value once the surface moisture was dried, which 

makes it more suitable to be used in a low humidity condition. Indeed, the PEF treatment 

appears to be a suitable alternative to improving the dielectric properties of the epoxy resin. 
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9 CHAPTER NINE: CONCLUSION & FUTURE WORK 
 

This chapter sets out to recap the main conclusions drawn throughout this project and to 

propose potential future works in order to expand the research further. These conclusions 

purposely answer the objectives set out at the beginning of this thesis. 

 

9.1 CONCLUSIONS 

This whole thesis was designed to determine the effect of the fluorination treatment on 

epoxy resin structure in enhancing the dielectric properties of the material for the use in 

high voltage DC applications. There were two routes towards fluorination treatment that 

were applied in this research; the first one being the direct-fluorination i.e. the materials 

were treated with fluorine or fluorine-inert gas inside a chamber, while the second 

alternative is through the use of plasma. A commercial set of Bisphenol-A type epoxy resin 

(Araldite LY556) together with anhydride hardener (Aradur 917) and imidazole accelerator 

(DY070) from Huntsman Advanced Materials (with weight ratio 100:90:2) were used 

throughout this study. The fluorinated epoxy resins had been characterised and electrically 

investigated to give a better understanding of its insulating performance. The results of this 

test indicate that the introduction of the fluorinated layer on epoxy resin appears to be a key 

factor in improving the dielectric properties of epoxy resin. 

 

For characterisation purposes on direct-fluorination treatment, morphological analysis was 

performed through the use of SEM as reported in Chapter 4. The microscopy images show 

a clear formation of a layer, getting thicker as the fluorination treatment time increases. By 

using the confocal mode in Raman spectroscopy analysis, it is clear that the spectrum 

shows a decrease in C–F absorption and an increase in C–H absorption as the focus goes 

from the surface fluorinated layer and into the bulk of epoxy resin. From Raman 

subtraction, a broad Raman peak can be seen in the central section of the subtraction 

spectrum, and can be attributed to the destruction and disorder in the epoxy structure due to 
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the fluorination treatment. DC surface current measurement was also carried out to 

determine the extent of dielectric improvement that the fluorination treatment has had on 

the epoxy resin samples. The space charge accumulation is closely linked to the 

characteristics of the fluorinated layer and, therefore, this treatment plays an important role 

in dielectric performance. 

 

In chapter 5, the direct-fluorinated epoxy resins were subjected to surface potential decay 

test with negative corona discharge, as well as PEA analysis in order to determine the 

electrical properties of this insulation materials. With the increase in fluorination time, 

substantial increase in the decay rate of the surface potential is observed due to the slight 

improvement in surface current. From the PEA waveform of the fluorinated epoxy sample, 

a large amount of heterocharges is observed near the vicinity of both electrodes, which is 

not visible inside the untreated sample. This is because the introduction of the fluorinated 

surface layer is believed to have a suppression effect, which effectively blocks further 

charge injection from the electrodes into the epoxy resin sample. The mechanism that 

governs the decay process is believed to be conduction along the surface as the introduction 

of fluorinated layer suppresses charge injection into the bulk.  

 

In addition to PEA analysis, the DC flashover test was also performed on the direct-

fluorinated epoxy resin samples. For untreated epoxy resin sample, lower surface 

breakdown strength with a high shape parameter is observed. However, the direct-

fluorinated samples show a clear improvement in surface breakdown strength with lower 

shape parameter. There is a clear trend of increasing surface breakdown strength as the 

fluorination time increases, since the incorporation of the fluorinated surface layer on 

epoxy resin increases the conductivity along the surface. This enables any trapped charges 

on the surface to leak away faster and, therefore, reduces the effect of distortion of local 

electric field on the epoxy resin surface. Direct-fluorination treatment is also believed to 

deepen the traps in the surface layer and the charges trapped in the deep traps may block or 

shield further charge injection. The results of this study indicate that the introduction of the 
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fluorinated layer on epoxy resin appears to be a key factor in improving the dielectric 

properties of the epoxy resin. 

 

The improvement in the surface current value for the direct-fluorination samples largely 

comes from the treated surface capacity to absorb moisture onto the surface. In an extreme 

environment where the absorbed surface moisture is dried away, the fluorinated samples 

show surface conductivity value and decay rate similar to those of original untreated 

sample. But in a mild condition, as in the insulating gas of nitrogen at room temperature, 

the fluorinated samples still possess the dielectric improvement supposedly come from the 

chemical treatment; increased surface DC current and faster surface potential decay rate. 

The role of absorbed moisture has far outweighed the role of physicochemical change as a 

direct result from the fluorination treatment. Indeed, the presence of absorbed water is 

considered to be the limiting factor towards the improvement of the dielectric properties in 

the treated material. It is also noteworthy that fluorinated samples in nitrogen gas would 

take an estimated ~40 to ~60 days of drying time to possess ratios of  ࢓࡭ similar to F00. As 

it stands, direct-fluorination treatment on spacers will only improve the performance of GIS 

operating with dry gas for a short period, as long as the surface moisture can be retained. 

 

As an alternative to direct-fluorination, another batch of epoxy resin samples was treated 

using the plasma enhanced fluorination treatment. The result from DC surface current test 

shows a general increase in surface current with respect to the treatment voltage and time. 

The PEF sample does absorb a substantial amount of surface moisture that enhances its 

surface current value, but can still retain the intrinsic surface conductivity value once the 

surface moisture is lost. With the increase in treatment voltage and time, substantial 

increases in the decay rate of surface potential can be observed due to the increase in its 

surface current value, comparable to the effect in direct-fluorinated samples of F30 and 

F60. From the PEA waveform, a large amount of homocharges is observed inside the bulk, 

which is not visible for the direct-fluorinated samples. This is because the introduction of 

plasma-fluorinated surface layer does not possess the same suppression effect as in direct-
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fluorination treatment. Finally, from the DC flashover test, there is a clear trend of 

increasing surface breakdown strength as the treatment voltage and time increases. 

 

In a nutshell, the results of this research show that the introduction of the fluorinated layer 

on epoxy resin, either through direct-fluorination or plasma-enhanced fluorination 

treatment, appears to be a key factor in improving the dielectric properties of the epoxy 

resin. The presence of absorbed water is considered to be the limiting factor towards the 

improvement of the dielectric properties in the treated material. More work is needed 

before this treatment can be applied on the insulation in high voltage DC equipment as 

direct-fluorination treatment on spacers will only improve the performance of GIS 

operating with dry gas for a short period, as long as the surface moisture can be retained. 

 

9.2 FUTURE WORK 

There are several areas of this research present potential for further study. For one, the DC 

flashover test and surface decay measurement are performed under normal atmospheric 

pressure that subject to changing environmental conditions such as pressure, humidity and 

gas present in the volume surrounding the polymeric insulator. The author suggests that 

before surface fluorinated epoxy resin goes ahead into the design for insulation spacer in 

high voltage DC GIS systems, a study similar to this one should be carried out inside 

pressurised SF₆-filled chamber to mimic the actual working environment of a GIS system. 

In doing so, the results obtained will be more practical and similar to the real working 

system. 

 

As far as the simulation work is concerned, modelling the trapped charges on the surface of 

insulation layer would give a better interpretation on the distribution of electric field and 

the charge density lines. The current simulation only shows the initial stage of charge 

density distribution for different thickness of fluorination layer without giving any 

information on the influence of the accumulated surface charges. It would also be 
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interesting to simulate the surface potential decay of epoxy sample with a surface layer of 

differing conductivity in order to see clearly the movement of charges from the surface. 

 

It would also be interesting to assess the effects of other types of plasma treatment gas such 

as CHF₃, C₃ F₈, C₄F₈, NF₃, SF₆, F₂, NF₃, and ClF₃ onto the surface of epoxy resin and its 

influence on the dielectric properties. Plasma treatment does not yield dangerous by 

product, unlike the case with direct-fluorination treatment.  

 

Finally, the current work using the sample of 4 cm x 4 cm size demonstrates that the 

fluorination treatment does have a major impact on enhancing its dielectric properties, as 

long as the surface moisture can be retained. Therefore, the use of a full-scale cast epoxy 

resin sample as an insulating spacer inside a working GIS compartment for a long period 

(beyond 7 days) is worth exploring with a view to producing the best spacer design for 

HVDC GIS. 
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