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Abstract 

Electrical discharge machining (EDM) is a manufacturing process capable of 

machining electrically conductive materials regardless of their mechanical properties. 

It finds extensive usage across the aerospace, automotive, medical implant and 

mould/die industries, and is particularly useful for the micro-machining of precision 

components with complicated shapes. The surface integrity of materials machined by 

EDM is typically poor, and reduced service life is often expected as a result of surface 

properties. For example, reduced fatigue performance can result due to the presence 

of surface cracks as well as porosity, high surface roughness and tensile residual 

stress. Increased surface area due to surface cracks, porosity and surface asperities 

also inhibits corrosion performance. 

This thesis explores from a fundamental perspective the damage and contamination 

occurring in the surfaces of materials machined by EDM, and investigates the use of a 

novel surface modification technique, pulsed electron beam irradiation, to improve the 

most damaging surface property; surface cracking. 

A transmission electron microscopy (TEM) study was conducted on the surface of 

single-crystal silicon, which is a chemically and crystallographically homogenous 

material. For the first time, porosity, contamination and cracking were observed at a 

scale not visible to conventional imaging techniques such as SEM and optical 

imaging. The study suggested that conventional microscopic techniques such as SEM 

and optical microscopy are not sufficient to characterise recast layers created by 

EDM, and the properties of materials machined by the process are in fact determined 

by phenomena occurring at the nano-scale.  
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The mechanism behind the movement of material between electrodes was 

investigated in this thesis. The flushing process in EDM is used to take machined 

material away from the machining region, and this material is not expected to reattach 

to electrode surfaces. Using the observation of single discharges and elemental 

analysis, the mechanism of attachment was determined to be a two-stage process, 

whereby material ejected at the end of discharge on-time is resolidified in the 

discharge gap by a successive discharge, which causes its fusion into the opposite 

electrode surface. This information is critical to the avoidance, or the deliberate 

deposition of foreign material on a workpiece. 

Pulsed electron beam irradiation was demonstrated as a rapid and simple method of 

repairing surface cracks induced by the EDM process. A 4 µm depth of surface cracks 

created by EDM of stainless steel could be completely eliminated in a pore-free layer. 

Only a small section of recast layer remained unaffected. The cathode voltage 

parameter was identified as key to increasing the depth of the remelted layer in future 

developments of the process. Roughness was at the same time reduced from 3.06 µm 

to 0.89 µm Sa value. A predominantly austenitic graded nanostructure with grain size 

down to 6 nm was characterised using TEM and XRD. Such structures have 

implications for improved mechanical properties via grain boundary strengthening 
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 Introduction 1

Electrical discharge machining (EDM) is a manufacturing process which has been 

used industrially since the 1950s and has been subject to substantial academic 

research to the present day. The key ability of the process is to machine materials 

regardless of mechanical properties, unlike most conventional machining processes. 

This advantage has resulted in its common use in the aerospace industry, where 

mechanically superior but difficult to machine materials are necessary. The ability of 

EDM to cut highly complex shapes with high aspect ratios, without imparting 

significant stresses on the entire component, has made it indispensable for the micro-

machining of precision components for example in the medical implant industry, as 

well as for moulds and dies. 

EDM works by the application of a pulsed voltage between two electrodes (one being 

the workpiece), which when at sufficiently close proximity, causes the breakdown of 

a dielectric into a plasma consisting of temperatures above the boiling points of most 

materials. The repeated application of this voltage, many thousands of times per 

second, results in the melting and erosion of material from the workpiece at an 

economically useful rate. 

Two of the most critical limitations of EDM are: the erosion of the tool electrode, or 

wire-breakage in wire-EDM; and poor workpiece surface quality, as a result of 

resolidification of some of the melted but not ejected material back on the workpiece. 

The resolidified material is referred to as the recast layer, or white layer. This thesis 

focuses on the recast layer caused by EDM. 

The surfaces of materials machined by EDM are significantly modified from the bulk 

workpiece. Due to rapid resolidification, a highly modified microstructure is 
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produced, typically containing tensile residual stresses. Contamination of the 

workpiece with carbon from the dielectric, and from tool electrode material is also 

known to take place, resulting in an unpredictable chemical composition in the 

machined surface. The morphology of the recast layer is typically poor; exhibiting 

high surface roughness and containing pores and cracks. These morphological 

features typical of EDM’d surfaces limit the fatigue performance of the component 

due to stress concentration effects. Surface cracking is particularly detrimental to 

fatigue behaviour, since the crack initiation stage of failure has already occurred. 

Roughness, porosity and surface cracking also limit corrosion behaviour of the 

machined part. 

The surface features which occur as a result of EDM are not well understood. For 

example, porosity and surface cracking are well documented at scales visible to SEM 

and optical imaging, but have not been investigated at the nano-scale of materials. 

Contamination of the workpiece is also known to take place, but the mechanism 

which causes it is not well understood. The rapidity and complexity of the EDM 

process make it difficult to observe or model the exact phenomena occurring in the 

machining gap which result in these poor surface properties.  

In applications where mechanical and chemical properties of the component are 

critical, the recast layer may be removed. This might involve a process such as 

etching then mechanical grinding. Such a recast removal process however is difficult 

for complicated shapes with tight dimensional tolerances. The dimensions of the 

original part are also changed. Post-processing cycle time is also an undesirable 

factor.  
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This thesis aims to understand the fundamental characteristics of surface features 

introduced by EDM, and demonstrate a surface treatment technique to improve the 

properties of the recast layer. This will allow the surface properties of EDM’d 

materials to be more precisely controlled and more predictable. 

 Aims of thesis 1.1

The aims of this thesis are to investigate and clarify previously unknown phenomena 

occurring in EDM, and propose and validate a novel surface treatment technique 

appropriate for the post-processing of materials cut by EDM. To reach these aims, the 

thesis will investigate three areas: 

 Characterisation of the EDM surface at the nano-scale. A fundamental study 

of machining damage at the nano-scale has not yet been performed. This study 

aims to reveal defects and phenomena previously seen at the micro-scale 

under SEM and optical imaging, such as pores, cracks and contamination, at 

the nano-scale. To perform this, a single-crystal material machined by EDM is 

characterised at the nano-scale for the first time. The characterisation of such 

phenomena at a scale not visible to conventional imaging modes is critical to 

understanding if the properties of machined workpieces are determined by 

features not visible at the micro-scale. Such a characterisation study is 

particularly important given the recent drive of EDM towards micro and sub-

micron scale machining. 

 The mechanism of material movement between electrodes. Many authors have 

reported deposits of electrode material onto the workpiece and vice versa. The 

attachment of material back on to electrodes does not agree with the principle 

of EDM whereby eroded material is solidified in the gap and flushed away 
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from the region. The mechanism of this process is investigated in order to 

determine the conditions under which material transfers and how it is related 

to the discharge process. 

 Pulsed electron beam irradiation surface treatment of EDM’d surfaces. This is 

a novel surface modification process capable of uniformly remelting surfaces 

with a short cycle time. The improvement of the critical property of surface 

cracking is investigated in this study. Modification of surface roughness. 

Fundamental material characterisation is conducted to assess material changes 

induced by this process. A detailed understanding of the effect of this novel 

surface modification technique is necessary for its adoption as a simple 

method for improving the properties of the poor EDM surface. 

 Outline of thesis 1.2

Research previously conducted which is relevant to this investigation is reviewed in 

Chapter 2. Topics discussed in this literature review include the fundamental process 

of EDM and the material removal mechanism, as well as phenomena occurring in the 

discharge gap such as debris dynamics and contamination. The research trend in EDM 

towards miniaturisation is also reviewed. The current knowledge gaps on surface 

properties arising in workpieces cut by EDM are also reviewed in detail, including 

surface morphology and metallurgy and their impact on component properties. Pulsed 

electron beam irradiation is also discussed, from its basic physical mechanism, to its 

effect on surface morphology and metallurgy. At the end of the literature review, the 

research gaps are identified and therefore the aims of the research work are defined.  

Chapter 3 is a detailed breakdown of all the experimental methods and materials 

characterisation processes used in the thesis. This includes the material processing 
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techniques as well as a number of microscopic and X-ray diffraction methods. The 

physical mechanisms of these processes are also explained. 

Chapter four is the first of three research chapters and presents a fundamental study at 

the nano-scale of contamination, material structure, porosity and cracking in the 

EDM’d surfaces of single-crystal silicon. An experimental account of attaining the 

necessary parameters to machine the pure silicon workpiece is also reported. This 

study is presented first in the thesis as its results impact the following chapters.  

The contamination which is revealed in chapter four is investigated further in chapter 

five. In this study the mechanism by which contamination occurs at electrodes during 

EDM is explained. Here a high-aspect ratio electrode is sunk into a workpiece in 

order to characterise surface layers formed, and through single discharge analysis, the 

mechanism of layer build-up is determined. 

In chapter six, surface cracking, also investigated in the nano-scale study in chapter 

four, is studied. Surface cracking is a critical surface defect common to EDM’d 

materials, and its elimination is a key area of research. By application of the pulsed 

electron beam irradiation process to the EDM’d surface, the repair of these surface 

cracks is investigated. The mechanism behind this repair of surface cracks is also 

explained. A fundamental material analysis using transmission electron microscopy 

(TEM) and X-ray diffraction (XRD) is conducted on the modified surface. 

Finally, chapter seven presents the general conclusions of the research work in this 

thesis and outlines future work which is proposed to extend the findings presented 

here.  
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 Literature Review 2

This chapter presents a detailed discussion of EDM from its basic physical 

mechanism to its future applications. A literature review of pulsed electron beam 

surface treatment is also presented, along with a description of its fundamental 

principles. Through this discussion of literature, some research challenges are 

identified and in doing so the scope of the thesis will be defined. 

 Introduction to EDM 2.1

Since the invention of electrical discharge machining (EDM) in 1943, the process has 

become indispensable for the precision machining of parts at the micro-scale, for 

example for the mould and die industries [1, 2], automotive engines [3] as well as 

surgical components [4] and for the high speed cutting of very hard and tough 

materials, for example for the aerospace industry [5-7]. EDM is a machining process 

in the non-conventional category, i.e. not based on material removal by a shear 

mechanism, whereby a pulsed potential difference between an electrode and a 

conductive workpiece initiates an electrical discharge as a result of dielectric 

breakdown. In doing so, a plasma is formed which is associated with high 

temperatures and pressures, melting and evaporating material from both electrode 

surfaces, one being the workpiece. Its distinct advantage is its usage of this thermal 

energy to erode workpiece materials regardless of hardness. The tight tolerances and 

intricate shapes capable of being machined by EDM have resulted in decades of 

industrial usage. Some examples of EDM’d products and components with 

dimensions difficult to attain by other manufacturing techniques are shown in Fig. 

2.1. 
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Fig. 2.1 Example products requiring EDM to be machined - (a) Complex mould 
tool (sinking EDM) [8] (b) Cooling holes in turbine blades (sinking EDM) [9] (c) 

Precision valve parts (wire EDM) [10] (d) Surgical implant (wire EDM) [11]  

In EDM, discharges occur in the gap between the tool electrode and workpiece. This 

gap is filled with an insulating medium: either dielectric hydrocarbon oil such as 

kerosone or de-ionised water in order to avoid electrolysis effects on the electrodes 

but primarily to avoid short-circuiting of the machine (i.e. uncontrolled and 

unintended sparking). The electrode is moved toward the workpiece until the gap is 

small enough so that the applied electric field strength is sufficient enough to cause 

dielectric breakdown (ionise) the insulating fluid, thereby creating plasma [12]. This 

discharge ignition process occurs when the voltage overcomes the dielectric 

breakdown strength of the gap [13].  
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Fig. 2.2 Sinking EDM Schematic 

Material removal per discharge is typically in the range of 10-6 – 10-4 mm3 [4], and so 

the discharge frequency must be high (103 – 106 Hz) to result in sufficient material 

removal rates. The temperature of the plasma channel between electrode and 

workpiece is also high, typically between 6,000 and 10,000 K [14, 15] but can reach 

up to 20,000 K [4], heating the discharge to temperatures above the boiling points of 

most materials. For each electrical pulse, discharge occurs at a single location on the 

workpiece (and the opposite tool electrode) resulting in the ejection of material in the 

molten phase and/or evaporation of the material. The continuous growth of gas 

bubbles during the discharge process creates a sharp pressure drop at the surface of 

the workpiece assisting in the expulsion of molten material into the dielectric at the 

end of spark duration [16]. The removed material is subsequently cooled and re-

solidified in the insulating medium as spherical debris particles which must be flushed 

away by dielectric flow. When the discharge ends, the dielectric breakdown strength 

is recovered as the temperature of the plasma rapidly drops and the recombination of 

ions with electrons occurs. Plasma recombination force is large and requires high 

temperatures to maintain the state. 
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EDM is a reproductive shaping process, except in the case of EDM milling, in that the 

form of the electrode is mirrored in the workpiece, and so the fidelity of the part is 

inherently high. There are two main forms of EDM, as follows. 

2.1.1 Die-sinking EDM 

Die-sinking/Sinking EDM involves the formation of a workpiece by the replication of 

the tool electrode shape, or less commonly by the 3D movement of a simple electrode 

as in milling. EDM tool materials are typically copper, graphite, tungsten or copper-

tungsten. These are chosen for their high thermal conductivities since higher heat 

conduction results in lower temperature at the electrode surface and therefore a lower 

wear ratio [13], as well as sufficient electrical conductivity in order to generate a 

spark [7]. Graphite and tungsten have the two highest melting points of all materials 

and therefore mitigate electrode wear by withstanding high temperatures. 

Sinking EDM is used for the drilling of holes in diesel engine injection nozzles, where 

combustion efficiency achieved via the use micro-holes is required [13, 17]. It is also 

used to machine the high-aspect ratio cooling holes on turbine blades in aerospace 

engines. High quality reverse tapered holes have been achieved in sinking EDM, 

whereby dielectric flow through the hole is improved, suggesting there is still 

flexibility in a process which is typically used to produce parallel-walled holes [3, 

13]. Sinking EDM is also a major method of producing dies and moulds. The products 

of which must be of high precision, such as injection moulding tools for lenses and 

automotive drive train components [18], and the accuracy of the mould production 

process must be higher than the accuracy required in the product of the mould. 

With CNC systems and 3-axes or more of movement, conventional EDM can be 

applied as a 3D milling technique, whereby the electrode is rotated about the z-axis 
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and moved in a horizontal direction. Rotation is used to ensure homogenous electrode 

wear [19]. This technique has since been through some advancement in research with 

the development of high speed EDM milling whereby the electric arcs move rapidly 

within the discharge gap, i.e. the position of the discharge changes during on-time 

with no interval time, resulting in high removal rates and negligible electrode wear 

[20]. 3D milling has also been shown to give very low tool wear and high removal 

rates in dry-EDM [21], a process which uses only a gas as the dielectric medium.  

2.1.2 Wire-EDM 

Wire-EDM is a well-established adaptation of the conventional die-sinking EDM 

process whereby a spooling wire electrode is utilised. The wire is held under 

mechanical tension to minimise vibration and maintain a uniform kerf width, and 

machines material in front and at the sides of the wire, avoiding mechanical contact 

with the workpiece, as in standard EDM. The wire material can be copper, tungsten, 

or steel core with brass, but is usually brass, since the alloying of copper with zinc 

improves tensile strength. During machining some material of the wire electrode is 

eroded upon discharge and therefore the cross-sectional tensile stress on the wire 

temporarily increases and so the wire must have sufficient tensile strength. Diameters 

of wires are typically between 0.05 and 0.3 mm [22], although wires of 20 µm 

diameter [23] and 13 µm have been successfully used [24]. The advantage of a 

smaller wire diameter is the increased machining precision, good surface finish and 

smaller kerf width but an increased likelihood of wire breakage as well as a lower 

machining rate.  
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Fig. 2.3 Wire-EDM Schematic 

The computer numerical control of the wire-EDM process allows complex, intricate 

parts to be cut with very high accuracy, while servo control maintains a constant gap 

width, typically between 0.025 and 0.05 mm [22]. This gap width is governed by the 

spark gap voltage. A varying degree of taper of up to 30° can also be achieved [22]. 

The process also eliminates the need for a complex shaped electrode, instead the wire 

is provided from a spool often many kilometres long. In wire-EDM overall tool wear 

is not a problem because fresh wire is continuously introduced via the feeding 

mechanism. 

 The fundamentals of material removal by EDM 2.2

2.2.1 The physical process of spark generation 

An electrical discharge is built up by electron collisions producing fresh ions and 

electrons known as Townsend avalanches [25]. This occurs when an electric field 

accelerates and causes the collision of a small number of electrons with ions causing 



 

 

 

28 
 

an exponential increase in the number of ions. A schematic of this process can be seen 

in Fig. 2.4.  

 

Fig. 2.4 Schematic of first stage of discharge – the Townsend discharge process 

The Townsend discharge process requires a time lag for the generation by chance of 

initial (free) electrons by the random bombardment of radiation, for example cosmic, 

ultraviolet and X-rays with neutral atoms in the potential discharge gap [26] [13]. 

Under a high enough electric field, electrons are accelerated to sufficient energies to 

ionise atoms, producing free electrons which are again accelerated towards the anode, 

creating a cascading or avalanche ionisation effect. Under sufficient electric field the 

flow of the heavier and slower positive ions accelerating towards the cathode begins 

to contribute to this ionisation process by bombarding the cathode surface and 

releasing free, secondary electrons, which further contribute to the total current and 

rate of ionisation by creating more electron and ion pairs in the developing discharge 

gap [27]. Beyond this point in the process, a continuity mechanism must be 

established in order to maintain current in the developing plasma by replacing 

electrons lost to recombination, diffusion and attachment. At this point, after the 

initial dielectric breakdown process, the gate control circuit switches transistors on 
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supplying necessary current so that the plasma does not recombine. Here the 

discharge becomes independent of the external sources of irradiation supplying 

necessary electrons for initiation of the discharge. The transistors are switched on for 

a specified time according to the machine settings. This key setting is typically 

referred to as “on-time”. After this time, the transistors are then switched off for a 

specified discharge interval or “off-time”, during which the plasma is rapidly 

extinguished and dielectric breakdown strength is recovered to ensure the next 

discharge event is independent and does not manifest at the exact same location. The 

ratio of on-time to off-time is the duty factor. The discharge energy per pulse q can be 

calculated from the waveforms observed for an EDM process, and is expressed as 

follows, 

刺 噺 薩 抜 惨 抜 嗣         Equation (1) 

where I is the discharge current, V is the discharge voltage and t is the discharge 

duration, or “on-time”. The key stages of this discharge process are represented by 

gap voltage and current waveforms of the EDM process as shown in Fig. 2.5. 

 

Fig. 2.5 Typical voltage and current waveform for EDM showing the key pulse 
stages. Data captured from Sodick AP1L die-sinker.  

The ignition delay time comprises (1) the generation of initial electrons by 

bombardment of neutral species in the gap (a statistical time lag) and (2) the 
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acceleration of these initial electrons to cause an electron avalanche (a formal time 

lag). The length of the ignition delay time is dependent on the breakdown strength of 

the gap, and this is dependent on both gap width and density of debris particles. The 

presence of minute particles in insulating liquids can drastically lower the breakdown 

strength of the dielectric and by facilitating ignition can increase the gap size [28]. 

The gap size affects the precision of the process. A small gap width and/or a higher 

density of debris particles forming a bridge between electrodes will reduce the time 

required for ignition. The ignition delay time directly reflects and is determined by the 

conditions of the gap and is not fixed. 

2.2.2 The plasma channel 

In EDM, the effectiveness of the material removal process (further discussed in 

section 2.2.3) at the workpiece fundamentally relies on the distribution of energy from 

the heat source, which is the plasma channel that exists during on-time, and the 

diameter of this heat source [14]. Natsu et al. [29] observed the growth of the plasma 

channel with a high-speed camera, and noticed that the apparent plasma size was 

several times larger than the resultant discharge crater. It was also observed that 

plasma temperature was almost constant with time suggesting that current density 

stayed constant, implying that the plasma channel does not keep expanding for the 

length of the discharge duration. From these results a new model of EDM plasma 

growth was proposed called the first-stage-expansion model whereby the plasma 

expands completely within three micro-seconds of discharge breakdown completion. 

Kojima et al. [14] performed further tests to clarify these relationships and found that 

their measured arc plasma diameter was five times larger than the resultant discharge 

crater for discharge conditions of 17 A, 80 µs on-time and 0.1 mm gap width. Total 
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expansion of the plasma also completed within 2 µs of dielectric breakdown. Some of 

Kojima et al’s high speed images of EDM plasma can be seen in Fig. 2.6. 

 

Fig. 2.6 Direct images of EDM plasma with (a) different discharge currents and 
(b) different gap widths. Credit to Kojima et al. [14] 

Understanding of the physics of the plasma is particularly important in micro-EDM, 

where material is removed in smaller voumes. Nagahanumaiah et al. [30] further 

characterised the nature of EDM plasma for micro-EDM using spectroscopic 

measurement and made the following conclusions; larger spark gaps increase plasma 

temperature and density unless the gap is too large after which ions from the electrode 

and electrons lose their excitation status before breakdown is completed; and smaller 

electrodes can produce higher plasma temperatures because of higher heat resistance 

and smaller heat dissipation surfaces. The factors which affect plasma temperature are 

critical to the material removal process. 
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2.2.3 Material removal mechanism 

In the literature, there is consensus on the physical principles of spark generation in 

EDM, however the details of the mechanism of material removal are still not entirely 

clear. 

Ho & Newman [4] summarise the material removal process as the conversion of 

electrical energy into thermal energy through an electrical discharge. The channel of 

plasma connected between both electrodes results in substantial heating and melting 

at the surfaces of the electrodes. When the current supply is turned off and the plasma 

channel breaks down, the sudden reduction in temperature and therefore pressure 

facilitates material ejection after which flushing of molten debris by the dielectric 

fluid can occur.  

Schumacher [31] also discusses the contention which still exists within EDM 

literature, whereby since the conception of the constructive use of metal removal by 

sparks by Lazarenko in 1943 [32], there has been no uniform interpretation of the 

description of the process occurring in the discharge gap, even though it is accepted 

that the primary material removal mechanism is melting and/or evaporation [4, 13, 

33]. The author attempts to arrive at a new consensus on the phases of electrical 

discharges. Three phases in the electrical discharge procedure are discussed: the 

preparation phase of the ignition, the phase of discharge and the interval phase 

between discharges.   

The preparation phase includes the physical process described in section 2.2.1: the 

Townsend discharge process. Here, when the generator switches the voltage on, the 

electric field reaches its highest strength where electrode surfaces are closest as well 

as where particles in the gap assist the discharge process. If debris particles are 
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assisting in this discharge process then this particle bridge is evaporated by the current 

flow across it forming the high temperature plasma associated with EDM. In Fig. 2.7 

a schematic of the material removal process is shown.  

 

Fig. 2.7 Schematic of material removal process in EDM 

In the discharge phase rapid development of the plasma channel occurs, resulting in 

high pressure in the channel as well as shock wave distribution in the liquid [31]. The 
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current flow in the gap creates high temperatures resulting in the melting of material 

at both electrode spots. This melting results from heating caused by the bombardment 

of electrode surfaces with electrons or ions and the conversion of their kinetic energy 

into thermal energy. For short on-times, material removal mainly takes place at the 

anode due to faster movement of electrons given their smaller mass compared to 

anions [31, 34], however, for longer on-times, the action of ions dominates and most 

energy is distributed to the cathode, resulting in less heating (and ultimately wear) at 

the anode. As the plasma channel continues to grow, current density and temperature 

decrease quickly, followed by a stabilisation of the plasma channel diameter. This 

happens when equilibrium is reached between energy supply from the generator and 

the heat flow to electrodes and further evaporation of the liquid. Schumacher  also 

observed that particularly under roughing conditions with relatively low discharge 

current and long spark duration there is clear marking from the action of the gas 

bubble around the active area of discharge plasma, suggesting some conditioning of 

the discharged spot is caused the presence of this bubble [31]. Shervani-Tabar et al. 

[16] support this observation of the useful debris-removing effect of the bubble by 

showing numerically that the continuous expansion of the gas bubble results in a 

sharp pressure drop over the surfaces of the two electrodes, aiding the expulsion of 

gas dissolved in the molten material and helping this molten material escape.  

In the interval phase, deionisation of the plasma channel quickly occurs once the 

generator is switched off, however the gas bubble remains for up to 25 times the on-

time duration [31]. The de-ionisation of the plasma channel causes the pressure and 

temperature to decrease, resulting in the instantaneous boiling and ejection of liquid 

globules of molten material, previously superheated under the discharge pressure. 
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Their entry into the cool dielectric causes their shock hardening and shrinkage. 

Dielectric flow ensures this solidified material is removed from the discharge area. 

2.2.4 Gap debris 

As an inherent part of the process of machining, melted and ejected material from the 

workpiece needs to be removed from the machined area. The presence of debris, 

however, can play both a positive and negative role in the EDM process. With 

demands in machining for high precision and low surface roughness, small gap widths 

(<30 µm) become necessary to facilitate smaller discharge energies. However smaller 

gap sizes can be a cause for instability since debris evacuation can become blocked 

[28]. This is a well-known issue, as the result of a contaminated gap can be a series of 

sparks striking the same spot repeatedly, caused by the greater polarisability of these 

spheres in an electric field. This phenomenon can be seen in Fig. 2.8.   
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Fig. 2.8 Principle of series discharge due to polarised particles 

This is referred to as arcing and in modern control systems is detected and responded 

to positively by increasing the spark gap to enhance flushing. On the other hand, Luo 

[28] suggests that without debris bridges in the gap, an extremely small gap width is 

required for dielectric breakdown – increasing the frequency of short circuits. As a 

result, in this situation, modern gap control systems will (over) compensate by 

increasing the gap width which results in unstable and inefficient machining. Gap 

debris therefore has an essential role in maintaining reasonable gap size. Luo also 

showed that less debris in the gap will cause a lower resolution of surface irregularity 

due to the reduced discharge transitivity, resulting in a less stable process. Discharge 

transitivity is the ratio of electrical field intensity, whereby a higher value of 

transitivity denotes an easier transfer of breakdown location and hence higher process 

stability. It is also suggested that the absence of debris can in fact be a cause for 

arcing.  This work changes the role of the presence of debris in the gap as being a 

purely negative one to being essential from a process stability point of view. 

During discharge and subsequent melting of the workpiece, the ejected matter 

decelerates less in the plasma and surrounding gas tunnel than in the liquid given its 

higher viscosity causing densification of debris [35]. This concentration of 

contamination can cause greater ignition readiness than in the cooling and deionising 

discharge tunnel. This discharge readiness is directly related to the ignition delay time 

as seen in the waveforms in Fig. 2.5, with a “readier” gap associated with shorter 

delay times. The discharge readiness of the gap refers to the ability of particles to 

arrange in a line and enable shorter discharge delay times although the phenomenon 

can be eliminated when flushing is intensive enough to occur on the order of 

microseconds, removing all contaminatory matter from the discharge region [35]. 
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2.2.5 Discharge location 

A key benefit of the EDM process is the tolerance of the final machined shape to the 

tool electrode. This level of accuracy is possible because under gap conditions which 

are not contaminated, in principle the next individual discharge event will occur at the 

location of smallest gap width. This principle behind the discharge location in EDM is 

shown in Fig. 2.9. The first discharge between the electrodes will occur at the point 

where the gap is smallest, assuming a uniform electric field. The material removal at 

this point will leave another pair of points on the electrodes as having the shortest 

distance, and therefore discharge will occur here. This process results in a machining 

of the workpiece to a replicated shape of the tool electrode. 
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Fig. 2.9 Principle of discharge location in EDM 

It is now established that the presence of debris particles, despite their contribution to 

the likelihood of arcing when unevenly distributed, does enhance the process of EDM 

allowing the gap width to be larger than it otherwise would be with clean dielectric. 

This extension of the gap width makes gap control via the servo easier [13] allowing a 

more even spread of discharge locations. This principle of creating a more uniform 

spread of discharge locations has been exploited using a polymer composite electrode 

to continuously provide nano-scale conductive carbon particles into the discharge gap, 

and thereby stabilising the ignition process and yielding a fine workpiece finish [36]. 

Kunieda & Nakashima [37] investigated the influence of gap width, debris 

concentration, surface area and degree of plasma deionisation on discharge location. It 
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was found that discharge does not always occur at the point the gap is narrowest due 

to the effect of surface area. The probability of discharge is determined by the product 

of discharge per unit area and its surface area, and the presence of a debris particle 

despite occupying a significant height in the gap still has a negligible surface area 

compared to typical electrode surface areas [13, 37]. This suggests that discharge 

location is determined in a probabilistic way and not deterministic given a section of 

smaller gap width e.g. a debris particle will only slightly increase the probability of 

discharge at that point.  It was also found that for a series of pulsed discharges, the 

growth of numerous chains of debris particles over the working surface becomes a 

more dominant influence than gap width distribution. These experiments also 

concluded that as long as plasma is extinguished before the following discharge, the 

location of the preceding discharge has no effect on the next.   

2.2.6 Removal/reattachment of machined material 

Although debris plays an important role in the discharge process, the principle of 

EDM is such that removed material is eventually removed from the discharge region 

at a rate consistent with the amount of material being continuously ejected due to 

discharge. Despite this the attachment of machined debris to both workpiece and tool 

electrode surfaces has been subject to little investigation despite the phenomenon 

being observed by several authors. 

It is now well understood that a carbon layer produced by thermal dissociation of 

carbon-based EDM oil on the surface of the tool electrode can improve its wear 

resistance in EDM. This was discussed by Mohri et al. [38] whereby in the machining 

of carbon steel, wear of the copper electrode was reduced due to the attachment of 

carbon to the electrode surface. Marafona [39] also investigated the carbon based 
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layer attached to the electrode, and noted a reduction in electrode wear rate when this 

layer was formed on it. The contribution of surface carbon to lower electrode wear 

rates was clarified by Kunieda and Kobayashi [40] through spectroscopic 

measurement of copper vapour density for different electrode wear rates. The 

attachment of workpiece elements onto the electrode during machining however is 

less well understood.  

In the theory as stated by Kunieda et al. [13], the rapid cooling of melted and ejected 

material causes its rapid solidification into spherical debris particles upon entering the 

dielectric fluid and these are not reattached to the electrode surfaces. Soni and 

Chakraverti [41] investigated the migration of material in EDM with a rotating 

electrode and noted an appreciable amount of iron and chromium from the steel 

workpiece material was observed to bind with the tool electrode, although the 

mechanism of this attachment was not investigated. It has also been suggested by 

Mohri et al. [38] that attached metal elements from the workpiece observed to attach 

to the electrode can act as catalysts for the production of turbostratic carbon, which 

protects the electrode from wear, although they suggest that workpiece material 

moves to the tool electrode while molten, despite this not agreeing with the theory of 

EDM whereby ejected material is rapidly solidified in the dielectric. Marafona [39] 

also noted other elements from the metallic workpiece can form in the carbon-based 

black layer, although again the mechanism of attachment is not presented. Shue et al. 

[42] also  observed the attachment of workpiece material on the electrode surface 

during dry EDM. They concluded that attachment of iron on the surface for discharge 

currents below 25 A created a protective layer resulting in a lower electrode wear rate 

which is more commonly associated with dry EDM. This does not necessarily 
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disagree with the theory of EDM since during machining in gas the ejected material is 

not solidified until it hits the electrode surface [13]. 

Bulk accretion of material onto the workpiece from a green compacted electrode by 

Wang et al. [43] as well as from powder suspended in the dielectric by Furutani et al. 

[44] has also been investigated and proposed as a surface alloying method. Despite 

this the method of accretion in either case was not explained. 

Yang et al. [45] simulated the movement of atoms from both electrodes at the end of 

discharge, and found that both single atoms and clusters of atoms can settle on the top 

surfaces of the opposite electrodes. So in this model the expulsion of material created 

by the machining process causes the attachment to opposite electrodes, although the 

locations of attachment are randomly dispersed and not correlated with the opposite 

discharge spot. It is not clear if this mechanism is responsible for bulk attachment of 

material from opposite electrodes however. 

It is known that the material composition of the electrode in EDM has a significant 

effect on the wear of the electrode and ultimately the shape of the intended part [46-

48]. Similarly, the electrode material properties influence the surface finish of the 

opposite workpiece electrode [49]. It is thought that electrode materials with higher 

electrical conductivity better facilitate dielectric breakdown and promote uniform and 

predictable sparking, with less unintended short circuiting or “arcing”. So although 

the importance of initial electrode material choice is understood, the attachment of 

foreign materials originating from the workpiece is not well known, nor is the 

mechanism understood.   
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2.2.7 Miniaturisation of EDM 

The precision and good surface quality of the EDM process as well as the 

development of new CNC systems and advanced spark generators have made EDM 

ideal for the fabrication of micro-parts and micro-features. 

Recent research in EDM has had an increasing focus on the reduction of the size of 

electrodes with the aim to reduce feature resolution. Han et al. [50] investigated the 

machining of a tungsten rod to less than 5 µm diameter using the wire electro-

discharge grinding (WEDG) method. A diameter of about 4 µm was obtainable 

although the diameter was not repeatable. The experimental results showed that sub-

micron machining was not possible, with the conclusion that positional accuracy, 

machined shape error and the limit of the smallest discharge energy of the EDM 

machine were the main restrictions on sub-micron machining. 

Egashira et al. [51] succeeded in the EDM of submicron holes by fabricating tungsten 

electrodes with a diameter as low as 0.3 µm. A combination of WEDG and electro-

chemical machining was used to fabricate straight sub-micron diameter electrodes, as 

shown in Fig. 2.10. A 2 µm diameter and 5 µm deep hole was drilled in brass with a 1 

µm diameter tungsten electrode, and less than 1 µm diameter holes were drilled in 

brass and zinc with tungsten electrodes. Holes of 0.5 µm were successfully drilled in 

zinc with silicon electrodes. These are the smallest holes currently reported to have 

been drilled by EDM [51]. 
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Fig. 2.10 Fabricated electrodes using WEDG, of (a) 1 µm diameter (b) 0.3 µm 
diameter and (c) 500 nm diameter hole EDM drilled using WEDG fabricated 

electrode [51] 

Wire-EDM has also been the subject of miniaturisation efforts. Chen et al. [24] 

successfully cut micro-slits of 14.5 µm width with  13 µm diameter wire. This was 

achieved using a capacitance of 500 pF and a feed rate of 0.05 mm min-1, with 

magnetic repulsive force employed to control the tension of the wire. A 13 µm wire is 

the smallest diameter cut with in wire-EDM according to the literature. 

Kawakami & Kunieda [52] investigated the factors which limit the minimum 

machinable size in micro-EDM, in particular the influence of residual stress already 

present in the workpiece and caused by EDM, as well as the micro-structure of the 

workpiece. Tungsten and cemented tungsten carbide micro-rods of 20 µm diameter 

were machined with WEDG and it was found the residual stress present before 

machining caused significant bending, and the tensile stress generated by the EDM 

process caused bending to the side where EDM took place. It was however found that 

annealing to release the residual stress prior to machining was effective in reducing 

the bending of slender features.  

The influence of crystal orientation in mono-crystal tungsten workpiece on its EDM 

was also examined [52]. With a roughing micro-EDM process with a depth of cut 10 

µm, cracks were generated with a pattern parallel with the (100) planes. Under 
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finishing conditions with a depth of cut 2 µm, orientation of the cracks and the lattice 

interval were almost equal. The paper however also states that cracks were not found 

at all on polycrystalline tungsten, suggesting mono-crystal should not always be 

preferred for miniaturisation of EDM. Other work on the micro-EDM of single-crystal 

silicon supports the dependency of crack formation on crystal orientation. Song et al. 

[53] observed that if a spark occurred on the {110} orientation surface, the majority of 

heat will flow in the direction perpendicular {100} orientation. Surface tensile stress 

is generated in the direction of the local temperature gradient. However fewer micro-

cracks were generated on the {100} orientation surface compared to the {110} under 

the same conditions, which can be explained by the higher fracture toughness of the 

{100} orientation – a KIC of between 1.19 to 1.23 compared to between 1.05 and 1.07 

for the {110} surface. 

With the continuing miniaturisation of EDM and ease of fabricating smaller EDM 

electrodes, the process can potentially compete with the resolution of conventional 

semi-conductor processing techniques, such as lithography and chemical etching. The 

minimum feature size obtainable by lithography is fundamentally limited by the 

wavelength of the incident energy according to the Rayleigh criterion, whereas in 

EDM feature size is limited by the stray charge remaining on the discharge circuit. 

The high accuracy and absence of mechanical contact between tool and workpiece 

when cutting extremely brittle materials also give the process advantages over 

mechanical based cutting processes.  

Slicing of single-crystal silicon by wire-EDM has been the subject of research in 

recent years. For example Takino et al. [54] successfully cut low-resistivity silicon 

wafers, although some cracks and a rough surface were observed. They further 

improved upon this by using a finishing operation to produce a crack-free surface, 
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although  in both cases cutting with oil produced a better finish than using a water 

dielectric [55]. Kunieda & Ojima [56] also improved the machining rate of sinking 

EDM for normal resistivity (8.3 っ.cm n-type and 354 っ.cm p-type) single crystal 

silicon by reducing the contact resistance between the workpiece and the metal 

clamping system by vacuum evaporation plating the contact surface with Al and Au-

Sb for p and n-type wafers respectively. 

Despite such interest in improving the machinability of silicon wafers by EDM, 

microstructural changes at the machined surface as well as any sub-surface defects 

induced by the process have not been investigated. This is of particular importance 

since defects such as cracks or pores, as well as amorphisation/re-crystallisation will 

influence the optical, electronic and mechanical performance of the wafers. Precision 

diamond machining, a potentially competing technology for the cutting of silicon, has 

been the subject of sub-surface characterisation. Yan et al  used TEM and Raman 

spectroscopy to characterise the surface damage of silicon after precision diamond 

machining [57]. An amorphous layer with fluctuating thickness was formed, with a 

dislocation rich region below this. The mechanical cutting regime in diamond-turning 

of single crystal silicon has also been investigated and despite the extreme brittleness 

of the material, a ductile cutting regime, producing spiral-like chips can be achieved 

under careful machining parameter selection [58]. The EDM process however 

involves a distinct material removal mechanism which does not depend upon sheer 

mechanics to remove material and the resulting surface damage is neither predictable 

nor understood.  
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2.2.8 Summary of literature review of EDM mechanism 

 An EDM spark is created by the Townsend avalanche effect whereby the 

acceleration of electrons under sufficient gap voltage will result in ionisation 

of neutral species in the gap, and the exponential increase in the number of 

ions and electrons. The bombardment of electrons and ions with the anode and 

cathode respectively result in a significant localised temperature rise, typically 

above the melting and often boiling points of all materials. 

 The general consensus on the material removal mechanism is that the pressure 

drop upon extinguishing of the spark plasma at the end of spark on-time is 

responsible for the ejection of super-heated material into the dielectric from 

the discharge locations on both electrodes. 

 It is thought that polarisable debris particles in the gap play a significant role 

in the breakdown of the dielectric into a spark, by providing a favourable path 

for discharge by the effective localised increase in gap voltage in the location 

of these particles.   

 Despite the functional role of gap debris, excessive gap contamination is 

notoriously harmful to machining conditions and will eventually cause 

machining deformity through uncontrolled, non-randomised sparking. For this 

reason, flushing of the dielectric, either externally applied or created by the 

action of a rotating or reciprocating electrode, is used to eject machined debris 

from the spark gap. 
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 Upon extinguishing of the EDM spark and ejection of molten material into the 

discharge gap, this machined debris is rapidly solidified and expected not to 

reattach to opposite electrode surfaces. 

 Material has however been observed on opposite electrode surfaces, both on 

the workpiece and tool electrode. This has been demonstrated as a novel 

coating method. By using a powder sintered electrode, or using powder-form 

material in the dielectric, a layer can be built up on the workpiece. 

 By limiting the capacitance of the discharge circuit, nano-scale EDM is 

possible. This includes techniques such as electrostatic induction feeding to 

remove stray capacitance from the circuit. Holes have been machined with 

diameter of 0.5たm, using electrodes of diameter 0.3たm, also fabricated using 

EDM. With continued miniaturisation efforts, EDM is a possible competitor to 

lithographic techniques for the processing of semiconductors and other brittle 

materials, given the absence of significant stress during machining. Despite 

this, the presence surface cracks and roughness remains an issue. 
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 EDM surface properties 2.3

Up to this point, the contribution of debris to the sparking process in EDM, and the 

attachment of debris to electrode and workpiece surfaces have been examined. The 

contamination of these surfaces ties in with the most well recognised disadvantage of 

EDM – poor surface quality.  

 

Fig. 2.11 Recast layer on steel post-EDM 

Although the pressure drop at the end of on-time results in the ejection of much of the 

melted material, some of this region which is molten during discharge is not ejected 

but resolidified as a recast layer. This is because the viscous forces binding the melt-

pool to the underlying solid bulk are too large for the force of ejection due to the 

pressure drop.  The result is a resolidified, and modified region of material remaining 

on the surface of the workpiece (and tool electrode), known as the “recast layer”, or 

“white layer” due to its white appearance under optical microscopy. This layer is 

typically rough, brittle, and will often contain cracks, properties usually undesirable in 

engineering applications where good surface integrity is required. Reducing the size 

and improving the properties of this layer is a continued goal of EDM research, 

particularly since EDM parameters associated with faster machining rates (i.e. higher 
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spark energies) will usually yield a larger recast layer, and hence a lower quality 

surface layer. 

Much research has been done to simply characterise the properties of the recast layer 

such as thickness both experimentally [59] and theoretically [60] with changing 

parameters and electrode/workpiece materials, such is the importance and influence of 

this layer on the final properties of the EDM’d component.  The layer is known to be 

typically fine-grained, brittle and hard due to rapid cooling rates [61], with good 

adherence to the bulk material [62]. It is often characterised by globules of debris, 

craters and voids. It has been observed that the average thickness of the recast layer 

decreases with lower energy sparks [61]. The thickness of the recast layer is 

dependent on the thermal conductivity of the workpiece, with more efficient thermal 

diffusion resulting in larger layers [63]. Softening of the layer via chemical etching 

and then removal by steel brush or mechanical grinding has been demonstrated [64] 

although this is a two stage process and mechanical removal is not possible for deep 

or complex shaped cavities or for when high precision is required; scenarios for which 

EDM is commonly utilised. More practical and repeatable methods are therefore 

required for the finishing of complex shaped EDM surfaces. 

2.3.1 Cracks 

In terms of surface defects, cracking is significant since it leads to a reduction in the 

material’s corrosion and fatigue resistance [63]. Fatigue resistance is reduced more 

under tensile loading conditions [65]. Fig. 2.12 shows cracks on EDM’d steels after 

EDM, in both cross-section and on the surface. 
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Fig. 2.12 EDM’d steels (a) in cross-section showing a large  recast layer with 
cracks penetrating perpendicularly and terminating at the bulk interface and (b) 

showing surface cracks  

Surface cracks induced by EDM typically do not penetrate to the bulk material but 

usually remain in the recast layer, perpendicular to the surface, terminating at the 

interface between parent material and recast layer [63]. An example of this can be 

seen in Fig. 2.12. 

It has been shown by Zeid [66] that EDM has an adverse effect on the fatigue life of 

tool steel. Tai and Lu also [67] have shown that the presence of these surface cracks 

contribute to the reduced fatigue life of EDM’d tool steel. This is because the 

presence of micro-cracks combined with tensile residual stress at the surface shortens 

the two stage process of fatigue failure – crack formation then crack propagation [66]. 

Crack tips themselves can also act as stress concentrators. Therefore the elimination 
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of EDM surface cracks is desirable for improving the service life of stamping dies and 

other EDM’d components subject to cyclical loads. 

Crack formation can be attributed to the application of tensile stresses in the machined 

component. Tensile stress is generated when the melted material contracts more than 

the unaffected parent material during the cooling process. When the stress in the 

surface exceeds the material’s ultimate tensile strength, cracks are formed. Lee et al. 

[63] investigated the relationship between EDM parameters and crack formation and 

made several conclusions. A thicker recast layer and higher induced stress promote 

cracking, although the density of cracks remains similar for thick and thin recast 

layers. The tendency for crack formation is greater for materials with lower thermal 

conductivities and increases with both pulse on-time and discharge current, although 

on-time has been observed as the most significant contributor [63, 68]. Patel et al.’s 

study [68] confirms this relationship and the contribution of thermal shock to crack 

formation, adding that low fracture toughness and low thermal shock resistance 

contribute to cracking. 

2.3.2 Surface roughness 

EDM and micro-EDM are widely used in the field of mould and die making as well as 

for complex cavity structures [69]. The principle of EDM to maintain a constant gap 

width allows a high precision of machining required for such industries. However the 

surface finish of components such as mould tools machined by EDM will be directly 

reflected in the moulded part. It is also known that surfaces with higher surface 

roughness parameters generally exhibit higher wear rates under fretting [70] and 

sliding [71] regimes.  
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The lifetime of moulds and dies can be severely limited under the processing of 

certain materials. For example the plastic injection of glass and ceramic fiber 

reinforced plastics for automotive components can be highly abrasive for the mould 

cavity [72, 73]. The stress patterns associated with polymer injection pressure and 

thermal gradients can also be enhanced by notch effects on the mould cavity surface 

and accelerate the wear and ultimately failure of the mould [74]. For this reason 

surface finishing [75, 76] of mould surfaces as well as protective coatings for polymer 

moulds [72] and die castings [77] have been investigated such is the severity of the 

wear process and its potential economic impact. 

Fatigue failure of materials for polymer moulds has also been subject to research 

efforts to predict and model fatigue behaviour for different microstructures and 

material properties [78, 79]. It is known that the presence of surface cracks, such as 

those introduced by EDM has an adverse effect on fatigue life [67, 80]. Combined 

with the contribution of surface cracks, fatigue life also has a strong dependence on 

geometrical surface characteristics. For example Andrews and Sehitoglu [81] showed 

via computer simulation and experimental verification that average asperity heights 

have a strong influence on fatigue life. Rohklin and Kim [82] also demonstrated that 

surface cavities act as preferential sites for fatigue crack initiation. Therefore, 

improvement to the surface finish and suppression of stress concentration sites in the 

surface of an EDM’d component is important for extending a component’s fatigue 

life. 

For an improved surface finish under EDM, the discharge craters should generally be 

of a smaller size and their distribution more uniform. This can be achieved by 

removing a smaller unit of material per pulse by using a low discharge energy with 

shorter pulse duration [49]. It is also known that an RC-type pulse generator is 
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preferred for producing very low discharge energies with short pulse duration via the 

usage of smaller capacitance and lower voltage [49]. Recently, a stochastic orbiting 

strategy has been applied by Maradia et al. [83], whereby the typical “planetary” 

movement strategy of the electrode was replaced by a more stochastic model, in order 

to bring random microscopic regions of the electrodes in machining proximity. In 

combination with this strategy a circuit using only stray capacitance (3 nF) was used 

to generate pulses with duration below 50 ns. The resulting surface exhibited an Ra 

roughness below 0.06 たm. A relatively thin recast layer was formed – less than 1 たm 

thick. Cracking however was still significant, and larger cracks were observed when 

machining for the lowest surface roughness. 

2.3.3 Metallurgy and morphology of EDM’d materials 

The surfaces of EDM’d workpieces consist of a recast layer made of material 

resolidified at a rate typically faster and in different compositional environments than 

when the bulk workpiece was formed. For this reason, new grain structures are 

expected. Since the final mechanical properties of the component’s surface are 

dependent on the microstructures in this layer, its metallurgical characterisation is 

important.  

The small size of expected phases and structures in this EDM recast layer has made 

detailed investigation of the contamination, either elemental or of porous and 

morphological structures, as well as phase structures and sizes, limited to high 

resolution TEM interrogation or X-ray diffraction. For example, pores of several to 

tens of microns diameter and observable under SEM and optical microscopy are often 

expected in EDM recast layers [84, 85]. Some pores can also be seen in Fig. 2.12 (a). 

The porosity of the recast layer at scales smaller than this has yet to be investigated, 



 

 

 

54 
 

despite the potential implications for surface integrity of such nano-scaled pores 

unresolvable under SEM. Similarly, while deposits of tool electrode material have 

been observed to form as part of the workpiece recast layer, the micro-structures of 

these have not been investigated. 

Ekmecki investigated steel recast layer characteristics with different dielectric media 

and tool electrode materials [86]. The formation of retained austenite is correlated 

with the uptake of carbon in the workpiece surface. Since retained austenite exists 

outside its normal temperature range, i.e. it is metastable, it is liable to change form in 

service, for example under thermal cycles or deformation. Under carbon-based 

dielectrics, the amount of retained austenite is independent of tool electrode material, 

since its absorption is predominantly from the dielectric. In de-ionised water, carbon 

uptake and subsequently retained austenite formation is dependent entirely on using a 

carbon based electrode, e.g. graphite. 

It has also been noted that the EDM’d surface can consist of two or three single layer-

type recast layers which overlap on one another, formed from the expulsion of molten 

metal onto an existing recast surface [86]. This can be seen in the cross-sectioned 

sample in Fig. 2.12 (a). 

Cusanelli et al. [62] used transmission and scanning electron microscopy to observe 

the complicated nano-structure of the EDM’d surface of a ferritic steel. The recast 

layer was shown to consist mainly of residual austenite, with martensitic needles and 

an austenitic layer at the interface between the recast and the heat-affected zone. 

Cemenite was identified at the very top surface, and was attributed to carbon from the 

dielectric measured by Auger spectroscopy. 
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Ghanem et al. [87] analysed the effect of EDM on the formation of the recast layer 

and heat affected zones on a range of steels. They observed that the metallurgy of the 

surface layers depends on the hardenability of the steel. For example, hardenable 

steels such as martensitic steels tend to form three distinct layers. Firstly, at the top 

surface, a recast layer is formed containing dendritic structures, although the exact 

phases were not identified in this study. The size of this layer can vary between 5 µm 

for low discharge currents of 2 A and 80 µm for a high current of 50 A. Beneath this 

layer is a quenched layer, containing a martensitic structure, and the thickness of this 

layer depends on the type of steel as well as machining conditions. Beneath this 

martensitic layer is a transition layer much smaller than the other layers, where the 

microstructure of the raw material begins to change to that in the rest of the heat 

affected zone. In the case of steels more stable at high temperatures such as ferritic 

and austenitic stainless steels, a recast layer containing a more uniform dendritic 

structure is expected, beneath which a transition layer or heat-affected zone is barely 

visible. Therefore in the case of the more high temperature stable steels, effectively a 

single recast layer characterises the EDM’d surface. In the same study, surface 

hardening was observed in all materials after EDM, although the increase depends on 

carbon content, and therefore steels with an initial FCC structure containing more 

carbon are hardened more easily by the EDM process. Volume changes in the 

materials due to chemical and structural modification caused by carbon uptake and 

rapid heating and cooling cycles, result in plastic deformation explaining tensile 

residual stresses measured up to 750 MPa in the case of hardenable steels, and 500 

MPa for non-hardenable steels.  

Non-uniform heat flow and the resulting metallurgical transformations caused by the 

EDM process generate residual stresses. These stresses have been shown to be mostly 
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tensile in nature, with increasing magnitude with pulse energy [88]. In steel the 

formation of retained austenite plus distorted martensite has a strong correlation with 

residual stress [86]. Tensile residual stress is a critical detrimental surface integrity 

factor of the EDM recast layer and it can induce crack propagation and ultimate 

failure of the material [89]. 

 

Fig. 2.13 Residual stresses as measured by Ekmekci using XRD [86]. 
Experiments were with kerosene and de-ionised water as dielectrics, and 

electrodes were graphite and copper. The abbreviations denote the combination. 

Ekmekci et al. [86, 88] used an electro-chemical polishing technique combined with 

X-ray diffraction measurement according to simple elastic theory to measure the 

change of residual stress with depth into the machined surface of various steels. 

Residual stresses were found to increase rapidly to a maximum tensile stress, close to 

the material’s ultimate tensile strength near to the surface, then sharply decreasing to a 

relatively small compressive stress beneath the white layer [86], and after which stress 

converges back to a zero value. Das et al. [89] support this trend of rapid increase at 

the surface and quick dissipation with depth into the workpiece with their residual 

stress simulation model and experimental data. Residual stresses are of particular 

concern for the fabrication of micro-parts by EDM where the recast layer assumes a 
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significant portion of the part. Soo et al. [90] showed through fatigue tests using a Ti-

Al based aerospace alloy that tensile residual stress states were likely to be 

responsible for a slight difference in fatigue life for the WEDM’d sample compared to 

a conventionally milled sample. This was because in the EDM’d samples, there was 

no apparent surface cracking. 

The recast layer has been and is still subject to much research to reduce its thickness 

and roughness, and these two parameters have been subject to substantial statistical 

analysis given its typically undesirable properties in engineering applications [61, 91-

93].  

2.3.4 Minimising, removal and surface treatment of the EDM recast 
layer 

Although EDM has been used for decades for its efficient machining of components 

such as aerospace engine parts which are difficult to machine by conventional 

methods, surface integrity of these components has remained under scrutiny given the 

nature of this thermal process and the layer remaining on the surface. This has 

resulted in secondary operations such as grinding or chemical processing being used 

for the total removal of this recast layer [60]. 

Some adaptations of the conventional EDM process have been investigated to reduce 

the extent and impact of the typical expected recast layer. Yan et al. [94] used an 

electrode with a ball burnishing attachment to EDM and surface finish in a single 

operation, with a much improved finish compared to the EDM process alone. This 

process however is limited to round electrodes. In wire-EDM, a novel adaptation of 

using a wire with a diamond abrasive coating to simultaneously electrically and 
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mechanically machine was proven to yield a surface with minimal remaining recast, 

although this modification is only relevant to wire-EDM [95]. 

As a secondary finishing operation, abrasive micro-blasting has also been used with 

4-20 µm size SiC abrasive particles in order to completely remove the EDM induced 

recast layer [96]. This finishing process may be desirable as it is known to induce 

more desirable compressive residual stresses, particularly advantageous for the 

inhibition of crack initiation [97, 98]. Despite this, complex shapes as well as internal 

cavities and highly delicate micro components machined by EDM present a problem 

for such a mechanical abrasive technique. A significant reduction of the initial 

machined precision occurs when removal of the EDM recast layer occurs in this 

process, since the layer can be over 50 µm thick, and therefore prediction of recast 

layer thickness must be accounted for in precision machining. Etching and mechanical 

grinding has also been demonstrated to remove the EDM recast layer [64], however a 

flat surface is required, and therefore it is limited against complex sinking EDM 

processes. 

2.3.5 Electrical discharge coating 

Modification of the workpiece by introduction of electrode material into its surface 

was first demonstrated by Mohri et al. [99] using sintered composite electrodes. Since 

this observation there has been considerable investigation into the attachment of 

material in sufficient quantities to replace the machined material with a coating of a 

preferred material. Wang et al. [43] observed a 20 µm thick layer of TiC ceramic 

could be produced on a steel workpiece in a few minutes under specific machining 

conditions. They reported a hardness of the coating three times that of the base 

material. Furutani et al. [44] also demonstrated a method to produce a TiC layer on a 
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workpiece by using titanium powder suspended in the dielectric, thereby avoiding the 

need to use a green compacted electrode, which by the nature of the process is 

required to wear. Once again, hardness in the deposited surface several times higher 

than that of the steel workpiece was achieved. The phenomenon of electrical 

discharge coating has been proposed as a practical method of introducing coatings 

onto tools such as drills [100], and under certain drilling parameters, extended tool 

life was achieved, although the life of tools treated with ED coatings is limited by 

their surface roughness. Other example of coatings for hard layers on workpieces 

include using powder sintered sacrificial titanium/graphite [101], TiC/WC/Co [102] 

WC/Co electrodes [5] and from titanium powder [103] as well as tungsten powder 

[104] suspended in the dielectric. As a result of funding much of this promising 

research into this practical coating technology, Mitsubishi Electric (Japan) now 

manufactures an electrical discharge surface treatment machine to produce functional 

coatings for improved durability of parts. 

Despite much research into the necessary parameters required to produce a significant 

layer of a preferred material on a workpiece, the mechanism of this attachment 

process is still not clear. Wang et al. [43] suggests that a chemical reaction may occur 

between worn electrode material and carbon particles decomposed in the dielectric 

due to high temperature, after which a hard ceramic layer is built-up on the 

workpiece. This however is just a hypothesis and does not explain how many 

hundreds of microns of material can be built up within minutes. Furutani et al. [44] 

repeat this theory by suggesting that the heat caused by discharge is responsible for 

metal powder particles reacting with cracked carbon, and the resultant powder adheres 

on the workpiece. Although it is acknowledged that discharge is required in order for 
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material to attach to the workpiece, it is not understood whether attachment occurs 

during and at the location of discharges. 

Yang et al. [45] simulated the movement of atoms from both electrodes at the end of 

discharge, and found that both single atoms and clusters of atoms can attach to the top 

surfaces of the opposite electrodes. So in this model the expulsion of material created 

by the machining process causes the attachment to opposite electrodes. 

2.3.6 Summary of literature review of EDM surface properties 

 Surface cracking is a problem for EDM’d components, given its contribution 

to reduced fatigue life and corrosion properties. The rapid cooling cycles 

involved in EDM results in the presence of cracks on a component surface. 

These cracks are difficult to avoid without the use of low energy machining 

parameters, associated with reduced machining rates. Using discharge circuits 

designed to minimise discharge energy as much as possible, to enable super-

finishing using EDM, cracks have still been observed [83]. 

 It is known that high surface roughnesses and large surface asperities 

contribute negatively to the fatigue and wear behaviour of EDM’d components 

such as moulds and ultimately their failure, due to notch effects exacerbating 

stress. Using ultra low capacitance discharge circuits, a roughness of 0.06たm 

has been achieved. 

 Carbon is known to be present in the surface of an EDM’d component after 

machining when using a carbon-based dielectric. This affects the 

microstructures formed in the remelted surface given the altered elemental 

composition. It has been found that carbon uptake is correlated with the 
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formation of a metastable retained austenite in the surface in steels. This 

metastability means that under changing service conditions, i.e. thermal cycles 

or deformation, form change and therefore volume change may occur, and 

consequently induced internal stresses may be relieved by the formation of 

cracks. When using a carbon-absent dielectric – deionised water, carbon 

uptake relies on the presence of a graphite (or other carbon based) electrode. 

 In microstructural analysis of the recast layer which has been performed in 

steel it has been found that martensite and retained austenite are formed in the 

surface of steel, despite an originally ferritic workpiece. These structures are 

known to contribute to tensile residual stress, which would explain the tensile 

stress measurements made by Ecmecki [86, 88]. Residual tensile stress 

measured in recast layers of approximately 20 たm thickness, which is typical 

for many EDM’d components, measured at a maximum of 580 MPa, and up to 

750 MPa for a recast layer of 80 µm thickness. 

 A number of techniques for removing and surface finishing the EDM surface 

have been investigated. These include chemical etching then grinding, as well 

as micro abrasive blasting, both of which involve total layer removal. A novel 

method of using a ball burnishing electrode to EDM then surface finish has 

also been demonstrated, although electrode shape is limited to being round. 

 Contrarily, as well as removal of the recast layer being pursued, a deliberate 

coating of tens of microns thickness has been demonstrated by the EDM 

process. This is performed either using a powder sintered electrode, or a 

powder mixed dielectric. In producing a TiC based coating, improved wear 

properties have been demonstrated for potential use as a drill coating. 
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 Surface treatment by pulsed electron beam irradiation  2.4

Pulsed electron beam irradiation is a relatively new addition to the wide range of 

already available surface modification techniques. The process uses short (µs) pulses, 

or shots, of high current electrons to rapidly remelt surfaces to improve their surface 

finish as well as some mechanical and chemical properties. The process has been used 

to modify the surface properties of several engineering alloys, such as titanium alloys 

and steels. Mould steel subject to EDM has also been treated by Uno et al. [75, 105], 

whereby Rz surface roughness was successfully reduced and evidence of improved 

corrosion behaviour was shown.  

The key advantage of this surface modification process over laser techniques is the 

beam application and uniformity over approximately 60 mm diameter [75]. This is 

combined with the ability of the beam to modify surfaces with equal effect at angles 

highly acute to the direction of the beam [75], therefore allowing complex shaped 

structures to be treated. Since remelting of the surface with uniform energy density 

across the area of irradiation occurs during pulsed electron beam treatment, the 

process is considered in this thesis for its potential to improve surface morphology of 

electrical discharge machined surfaces, and in particular the property of surface 

cracking. These characteristics of the process therefore make the process particularly 

suited to components machined by EDM.  

2.4.1 The physical process of pulsed electron beam generation 

The pulsed electron beam process used in this thesis falls under the category of low 

energy (20-40 keV), high current (10-30 kA) electrons beams [106]. It is also often 

described as large-area or wide-aperture given the cross-sectional area of the beam is 

greater than 10 cm2  [106]. The process was developed by a research group at the 
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Institute of High-Current Electronics of Siberian Branch of the Russian Academy of 

Sciences under Prof Dmitry Proskurovsky. Low-energy, high-current electron beams, 

like other high-energy beams were conventionally produced using vacuum diodes 

with explosive emission cathodes [107]. The beam duration using such diodes is 

approximately ~10-7 s. Such beams are characterised by local non-uniformities in 

current density distribution [108]. To be able to apply such low-energy, high-current 

electron beams to the surface modification of materials, a homogenous beam is 

required. A beam (shot) duration of ~10-6 s allows a substantial improvement in cross-

sectional homogeneity of energy density distribution [107]. Beam duration and beam 

homogeneity can be increased by using plasma-filled diodes [109]. Pulsed electron 

beam systems for surface modification of materials are therefore now based on a 

plasma-filled diode system, whereby the electron beam incident on the workpiece 

travels through a plasma. 

The irradiation process is carried out in an air-tight chamber into which argon gas at a 

pressure of 0.05 Pa is supplied, after an initial 10 minute vacuum cycle time. Argon 

gas is used as the medium for plasma build up required for electron beam 

propagation. The diameter of the beam is 60 mm; with a pulse-time of 2-3 µs, pulse 

interval of 11 seconds and energy density 1<20 J/cm2. The beam has been shown to 

extend further than its 60 mm diameter although the energy density is significantly 

diminished beyond this point. Within the 60 mm diameter, energy density is thought 

to be uniform [75].  A schematic of the irradiation process is shown in Fig. 2.14. 
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Fig. 2.14 Schematic of pulsed electron beam irradiation process. Adapted from 
paper by Batrakov et al. [110]. 

The following principle of the process was provided from private communication 

with Dr Grigory Ozur at the Institute of High-Current Electronics. Firstly a solenoid 

coil produces a magnetic field, at the maximum intensity of which a pulsed voltage of 

5 kV is applied to the anode and Penning discharge is initiated. After a duration of 50-

100 µs, the current of the Penning discharge reaches 150-170 A and a plasma column 

is formed near the anode. After a delay time of 10-30 µs, an accelerating voltage of up 

to 40 kV (on the Sodick AP1L) with a rise time of 20-100 ns is applied to the cathode. 

The electric field is concentrated in a near-cathode ion layer and reaches values of up 

to 400 kV/cm. Explosive emission takes place on the cathode causing a number of 

cathode spots (dense plasma clouds) to appear and emit electrons. The applied voltage 

is concentrated in a double-layer, between the cathode plasma and the anode plasma, 

in which electrons are accelerated and the beam is formed. The electron beam 

accelerated in the double layer is transported through the anode plasma to a collector 

cathode where the workpiece is placed.  
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2.4.2 Metallurgy and morphology of electron beam treated materials 

The bombardment of low energy, high current electrons upon a workpiece surface 

causes it to rapidly heat and quench resulting in a significantly altered microstructure. 

Heating is normally sufficient to cause melting. The preferential melting of asperities 

on a rough surface results in a smoothing effect on most materials subject to this 

process. Rapid cooling rates are caused by the irradiation process and as a result, 

novel microstructures can be rapidly produced on large surfaces. This ability of 

producing microstructural changes over a large area in a short time is a key advantage 

compared with other techniques, and as a result, many recent publications regarding 

pulsed electron beam irradiation focus on metallurgical changes occurring in the 

remelted layer of the irradiated surface and the resulting changes in mechanical and 

corrosive properties.  

For example, with the surface treatment of iron by pulsed electron beam irradiation 

with energies of 20-30 kV, depending on parameters, a molten layer with a melt 

lifetime of ~10-6 s expected. Maximum cooling rate from the melt and maximum 

velocity of the crystallisation front both occur at the surface, and are approximately 

~109 Ks-1 and 5 ms-1, respectively [111]. Due to the rapid cooling rate from the melt, 

nano-scale grain sizes and metastable phases such as retained austenite are expected 

to form. 

Markov & Rotshstein [112] observed a hardened surface zone which could be 

produced using short pulse (10 µs) electron beams. It was observed that this 

hardening effect could occur from solidification from the liquid state as well as from 

the solid state by quench hardening. Ivanov et al. [111] applied this improvement in 

surface hardness to the treatment of WC-TiC-Co cutting tools. Again, increased 
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hardness was measured up to depths of about 10 µm and relative wear during cutting 

tests was also reduced at high cutting speeds. These improved mechanical properties 

were explained by TEM observation of a fine grain structure in the remelted layer, 

thereby improving grain boundary strengthening as well as the segregation of 

nanosized carbide particles, resulting in solid solution strengthening. Rotshtein et al. 

[113] also used TEM to show that significant grain size reduction can occur at the 

surface of alloys subject to electron beam irradiation. Zuo et al. [114] have also 

reported austenite grains as small as 50 nm, and carbides down to 20 nm forming after 

irradiation of AISI D2 steel, contributing to improved mechanical properties at the 

surface. Despite hardening of the surface being widely reported, it has also been 

shown that a slight softening of the workpiece can occur at the very top surface of 

316L stainless steel [115]. Below this the hardness is increased up to 100 µm below 

the surface. The hardening of the sub-surface layers is consistent with the reported 

improvement in wear behaviour under both dry [116] and lubricated conditions [117].  

Improved mechanical performance has been shown to occur after pulsed electron 

beam treatment of a number of materials. These include WC/Co cutting tools whereby 

the wear rate was reduced by up to 1/8 of the raw material after treatment due to nano-

scale grain refinement [118, 119]. Al -Si alloys have also shown improved wear and 

hardness properties after treatment in a number of research papers [120-122], with 

significant impact given their use in engine block cylinders in internal combustion 

engines. The surface of Hadfield steel used for long service-life die-inserts subject to 

pulsed electron irradiation has also shown increased micro-hardness as well as 

enhanced wear resistance owing to the formation of a nano-scale grain structure 

[116]. The presence of residual stress in both the ferrite and austenite phases of AISI 

D2 steel has been confirmed by Zhang et al. [123], whereby after 25 pulses the 
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austenite phase has a tensile stress value of 700 MPa, and the ferrite has a similar 

value of 730 MPa. Despite the softening effect observed at the top surface of 316L 

steel after irradiation, an increase in hardness and an improvement in wear behaviour 

were seen, which is thought to be due to work-hardening of the heat-affected zone 

beneath the remelted layer [115]. 

Achieving nanostructured layers at the surfaces of metals is a research goal in its own 

right with significant implications for mechanical properties. Therefore the ability to 

achieve a uniform layer of nanostructures on large and complex shaped surface is 

highly desirable.  

There are a few processes which may compete in producing very fine grain structures. 

It has been shown that a nanostructured layer produced by surface mechanical 

attrition treatment (SMAT) at the surface of carbon steel can improve its surface 

hardness and fatigue strength [124]. In this study, the treatment process utilised the 

vibration of steel balls, typically 1-10 mm diameter [125], larger than those used in 

shot peening, to induce significant plastic deformation and grain sub-division. 

Similarly, a nanocrystallised surface on 316L stainless steel, yielded by fast multiple 

rolling rotation, was shown to improve its surface hardness by almost three times 

[126]. Fast multiple rolling rotation (FMRR) is a plastic deformation process using 

static pressure to introduce a nanocrystalline surface on a large sample. Both of these 

processes are limited from application on components with a small surface or with 

delicate surface structures. This is because SMAT requires the use of balls usually 

above 1 mm diameter, and FMRR requires linear movement. Both processes are 

effective due to the application of mechanical forces. Pulsed electron beam irradiation 

is an ideal competing process for the surface treatment and modification of highly 

intricate surfaces. 
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Pulsed electron beam irradiation is also of interest from the perspective of surface 

modification due to its proven enhancements to corrosion behaviour. For example, 

pure titanium has been shown to exhibit an enhanced corrosion resistance after 

surface treatment, which may be due to the redistribution of impurities segregating at 

grain boundaries, resulting in an improved ability to form a passive film [127]. A 

similarly improved corrosion performance was demonstrated on M50, Cr4Mo4V and 

316 L steel after pulsed electron beam treatment, which can be explained by the 

gradual dissolving of carbides and other alloying elements, with irradiation number, 

becoming more uniform in the surface layer. The improvement is also explained by an 

increase in retained austenite content [115, 128, 129]. It has also been observed that 

cratering, which can occur after pulsed electron beam irradiation due to preferential 

melting and eruption of carbides and other precipitates, reduces corrosion 

performance due to the occurrence of pitting corrosion. However homogenising a 

surface containing many craters, by treatment with further pulses to reduce the 

number of craters, can inhibit further pitting corrosion [115].  

As well as improvements to mechanical and corrosion properties through 

metallurgical modification, pulsed electron irradiation has been used to modify the 

surface morphology of a range of materials. 

Surface treatment of thermal barrier coatings has been demonstrated by the irradiation 

process by Mei et al. [130] and combined with an improvement in oxidation 

resistance and thermal insulation, a significant reduction in surface porosity and 

surface asperities was achieved. Undesirable surface features from cutting such as 

milled lines in Ti6Al4V can also be eliminated by the process [131], and surface 

roughness can generally be significantly reduced in a large number of other materials 
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to Rz values below 1 µm from above 6 µm in cemented tungsten carbide [132], 

martensitic orthopaedic stainless steel [133] and mould steel [75].  

As well as the improved surface finish generally expected after finishing with electron 

beam irradiation, hydrophobic properties have been demonstrated as a combined 

result of the induced surface features as well as chemical properties of the surface 

layer. A consistent increase in water repellency contact angle of more than 20° was 

demonstrated in cemented carbide [132], and similarly an increased contact angle for 

blood has been demonstrated for surface treated orthopaedic stainless steel [133]. In 

this same study, a reduction in force required for mould releasibility for a moulded 

resin was also demonstrated, which is likely influenced by both surface roughness 

characteristics and hydrophobic surface properties. 

2.4.3 Surface treatment of EDM’d components  

The use of large-area EB irradiation for the post-processing of EDM’d surfaces is 

potentially one of the most useful applications of such a process given the combined 

necessity of this machining process for the production of complex shapes in the 

hardest materials, and its notoriously undesirable surface characteristics. 

EB irradiation has been subject to preliminary investigation for the surface finishing 

of electrical discharge machined surfaces, with reductions in Rz surface roughness 

from above 6 µm to below 1µm demonstrated [75]. Despite this the change in 

thickness of the EDM recast layer with irradiation parameters has not been 

investigated, nor have the poor morphological characteristics of the EDM’d surface 

such as presence of voids and particularly the presence of surface cracks.  The 

uniformity of the electron beam over a large area and therefore the uniform energy 



 

 

 

70 
 

density applied to the surface is of interest for resolving issues created by the rapid 

heating and cooling generated during EDM, such as cracks.    

 

Fig. 2.15 Proposed process chain for EDM involving electron beam surface 
treatment 

The widespread use of EDM for the processing of highly complex components, 

cavities, blind and through holes, for example the products seen in Fig. 2.1, increases 

the relevance of investigating the effect of the EB irradiation process on the EDM 

surface. A process chain featuring both an EDM-produced mould tool and post-

machining EB surface treatment is shown in Fig. 2.15. With increasing demands for 

higher form accuracy and lower surface roughness of produced parts, technologies for 

the finishing of tools have been the subject of much research [134]. A rapid and 

predictable ejection mechanism during mechanical separation at the end of the 

moulding process is also vital to the repeatability of the operation and the quality of 

the finished part and it is known that higher surface roughness increases friction 

coefficients and the required de-moulding forces between tool and moulded part 

[135]. Murray et al. [136] have used pulsed electron irradiation to demonstrate the 

intricacy of the surface treatment process for mould tools, showing that the bottoms of 
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holes 20たm diameter as well as the tops of intricate micro-rods can be successfully 

polished, with under 20 nm Ra roughness achievable. The polishing of surfaces close 

to parallel to the beam direction was also elucidated, showing that the process is ideal 

for surface treatment and modification of complex and delicate structures. This 

accompanies the direction of miniaturisation of EDM components, and suggests that 

EB irradiation is well suited as a post-processing technique for EDM. 

2.4.4 Summary of literature review of pulsed electron beam 
irradiation 

 Pulsed electron beam irradiation is a novel surface modification technique, not 

yet industrially widespread, which is able to heat and remelt surfaces over a 

large area in single pulses. An argon gas medium is used for the provision of 

initial electrons which are then accelerated by a pulsed voltage difference into 

a workpiece. The high current (102 – 103 A) created by this acceleration results 

in significant heating and usually melting of metallic surfaces. 

 Resultant surfaces have typically a greatly reduced surface roughness. Other 

properties which have been widely tested are increased hardness and improved 

wear behaviour across a range of materials, including steels, Ti-6Al-4V, Al-Si 

alloys and WC. Hydrophobic surfaces have also been created by EB 

irradiation. 

 Rapid thermal cycles invoked in the workpiece surface by the process have 

resulted in a number of TEM studies and fundamental materials 

characterisation analyses to identify the material structures responsible for the 

improved mechanical properties of workpiece surfaces. It is understood that an 

ultrafine grain structure, for example 50 nm austenite grains and 20 nm 
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carbides in steel, is mainly responsible for mechanical property improvement 

via grain boundary strengthening. This is despite tensile residual stresses of up 

to 730 MPa being measured in a steel surface subject to irradiation. 

 The process has been used to improve surface roughness and corrosion 

properties of an EDM’d surface, although changes to surface cracks caused by 

EDM have not been investigated. 
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 Summary of research gaps 2.5

This chapter has introduced the EDM process from its general usage and applications, 

to its fundamental physical mechanism. The concept of surface integrity as a result of 

EDM was identified as one of the key challenges facing the process, and was 

discussed further in detail. A developing surface modification process – pulsed 

electron beam irradiation was also identified as an appropriate and novel method of 

solving some problems which face the EDM recast layer, and recent developments in 

the technique as well as its mechanism were described in detail. 

The precise phenomena occurring during the EDM process have remained unclear as 

acknowledged by experts in EDM such as Kunieda et al. [13] and Schumacher [31]. 

The lack of understanding of the mechanism of material removal and the complex 

nature of energy distribution between electrodes means that composition, material 

structure and morphology of the surface of the machined component are difficult to 

predict, and experimental investigation of these factors is ongoing. The complexity of 

the recast layer on the workpiece surface has resulted in its generally being considered 

undesirable, and particularly for high value components, removal of this layer is 

usually performed, despite the inherent change in dimensions of the part.  

Using new pulse generation technologies to limit discharge energies, there has been a 

drive in EDM towards miniaturisation, since the absence of mechanical force allows 

delicate and brittle components to be machined. Miniaturisation of the process has 

been demonstrated by sub-micron diameter holes being drilled by EDM. In such 

precision machining operations, control of the negative properties of the EDM recast 

layer is particularly important, particularly where the recast layer is thick compared to 

feature size. 
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In order to tackle the gaps in understanding of the EDM process, the research 

problems identified and summarised in the literature review are grouped into three 

main areas, as described below. 

 Nano-scale characterisation of the EDM surface has not been performed.  

Phenomena such as contamination, cracks and pores previously observed at 

the micro-scale have not been investigated at the nano-scale. TEM analysis of 

a single element or single crystal material machined by EDM, which could 

reveal clearly these phenomena, has not been performed. 

 Transfer of material between electrodes is known to occur in EDM, whether as 

an unintended contamination, or potentially for the development of coatings. 

Despite this the mechanism of attachment is unknown and disagrees with the 

conventional idea of EDM whereby material is solidified in the discharge gap 

and flushed from the region. EDX analysis has not been performed on 

discharge craters to help reveal the role of discharges in deposition 

 Surface cracking, complex surface morphology and surface roughness remain 

inherent negative characteristics of an EDM’d surface. Removal of the recast 

layer is often performed, requiring additional process steps, and dimensional 

loss from the part. Recast layer removal is typically performed by 

grinding/polishing or a combination of chemical etching and grinding. A 

research gap has been identified for the application of a novel method of 

uniform heating and remelting via an electron beam, rapidly and over a large 

area to tackle these typical EDM characteristics of surface cracking and high 

roughness.  
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 Experimental  3

 Introduction 3.1

In this chapter, the choice of materials, the EDM and electron beam irradiation 

equipment used, as well as the materials characterisation techniques utilised 

throughout the thesis, are detailed.  The principles and practical methods of electron 

microscopy, X-ray diffraction and Raman spectroscopy are explained. For clear 

interpretation of the results in this thesis, an understanding of these methods as well as 

their capabilities and limitations is required. 

 Machining and surface modification equipment 3.2

3.2.1 EDM 

Two EDM machines were used for the work in this thesis. The machine used for 

experiments in Chapter 4 was a Panasonic “MG-ED72” sinking EDM machine, with 

an “MG-NC72” numerical controller. Rotation of the tool electrode was used for 

flushing of machined debris. In Chapters 5 and 6, a Sodick AP1L sinking EDM 

machine was used. Reciprocating movement of the tool electrode in this case was 

used to flush machined debris. A kerosene dielectric oil was used in all machining 

experiments. Parameters chosen are explained in the experimental sections of the 

relevant chapters. 

3.2.2 Pulsed electron beam irradiation 

A Sodick “PF32A EBM” machine was used for all pulsed electron beam irradiation 

experiments. The machine is a commercialisation of technology developed by the 

Institute of High Current Electronics (IHCE) of the Russian Academy of Sciences in 



 

 

 

76 
 

Russia under Professor Proskurovsky [107]. Table 1 shows the parameters used under 

all experiments. The main variables used in pulsed electron irradiation experiments 

are accelerating voltage, which yields a certain energy density at the workpiece 

surface, and the number of irradiation cycles (shots). The principle of the process is 

described in section 2.4.1. 

Table 1 Sodick “EBM” machine settings 

Cathode (accelerating) voltage 15-40 kV 

Number of shots 1-20 

Solenoid voltage 1.5 kV 

Anode voltage  5 kV 

Argon pressure 0.05 MPa 

Beam diameter 60 mm 

 

 Electron microscopy 3.3

Since much of the work in this thesis requires characterisation at the micron and sub-

micron scale, electron microscopy techniques are pervasive throughout. For this 

reason, here, the principles of electron interaction with solids and the different forms 

of information which can be gathered from it are discussed. Williams and Carter [137] 

have been referred to in this section, as their textbook discusses TEM and electron 

microscopy in great detail. 

There are several advantages to using electrons for materials characterisation, in terms 

of identifying both chemical and structural properties. Firstly the interaction of 

electrons with energy in the order of 10s and 100s of kV generates a number of 

different signals, each of which contains information about the sample. An illustration 

of this process is shown in Fig. 3.1. 
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Fig. 3.1 Illustration of signals produced via the interaction between electrons and 
a material. Adapted from Williams and Carter [137]. 

Secondly the spatial resolution of electron imaging is much higher than that of optical 

microscopy. The spatial resolution of optical microscopy is fundamentally limited by 

its wavelength according to the Rayleigh criterion. The wavelength of visible light is 

in the order of 100s of nanometres, whereas that of electrons is in the order of several 

picometres, using acceleration voltages typical of scanning and transmission electron 

microscopes. For this reason, the spatial resolution achievable with electrons is 

limited by the system’s equipment as well as scattering by the sample, and not by its 

wavelength. 

Finally, the depth of field exhibited by electron microscopy can be much greater than 

that of optical microscopy, allowing more useful imaging of complex surfaces and 

morphologies. This is because the depth of field becomes greater when the distance to 

the object is much larger than the diameter of the limiting aperture of the lens, and 
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therefore since for optical microscopes to achieve higher resolutions, a larger lens 

must be used, the depth of field is typically poor. In electron microscopy, the limiting 

aperture lens must be made relatively small, and therefore the depth of field is 

relatively large. 

3.3.1 Scanning electron microscopy 

Scanning electron microscopy (SEM) is widely used in this thesis, in terms of both 

amount and variety of information gathered. The SEM uses electron energies typically 

between 10-40 kV to produce and detect secondary electrons and often back-scattered 

electrons (BSE) from the surface of the sample. Secondary electrons are created when 

incident electrons on the surface of a sample pass near enough to an atom to impart 

some energy onto a low-energy state electron, causing it to be ejected with some 

kinetic energy, and causing a path change to the incident electron. The ejected 

electron is a secondary electron. Secondary electron imaging is heavily topography 

dependent, since the ejected electrons are low energy and the population emitted 

comes from very near the surface. Back-scattered electrons are caused by the elastic 

reflection of incident electrons with atoms which are normal to their path, resulting in 

180° scattering back of the electrons. Because of this mechanism BSE imaging is 

dependent on atomic number, given more electrons will be reflected by larger nuclei, 

resulting in higher contrast for heavier elements. Many SEMs are equipped also with 

an Energy-dispersive X-ray spectroscopy (EDX) detector to perform compositional 

analysis of the sample surface. In this thesis, EDX analysis using the SEM was 

performed using a Philips XL30 SEM at 20kV with attached Oxford Instruments 

EDX detector and INCA X-ray microanalysis software. All other SEM work was 

performed using a Hitachi S-2000N equipped with back-scattered detector for 

qualitative compositional analysis. 



 

 

 

79 
 

3.3.2 Transmission electron microscopy 

When a sufficiently thin sample is used (~100 nm), electrons at higher voltages (80-

300 kV) can pass through a material allowing a variety of useful information to be 

gathered. Despite the usefulness of TEM techniques, the extent of its usage is limited 

due to the difficulty and expense involved in preparation of electron transparent 

samples. In this thesis, Focused Ion Beam (FIB) machining with an FEI Quanta 200 

3D FIBSEM was used to prepare one sample of single-crystal silicon and two samples 

of stainless steel. The FIB lift-out technique for TEM sample preparation allows 

excellent spatial control and precise measurement of sample thickness. FIB machining 

to approximately 80 nm thickness was attempted in certain regions of each sample to 

ensure excellent electron transparency and clear observation of structures under TEM 

analysis. 

Since the characterisation techniques involved in TEM are more complicated than in 

SEM imaging, this introduction is used to explain the principles of the many forms of 

imaging using a TEM for proper interpretation of the results.  

Imaging in TEM occurs due to three unique mechanisms: diffraction contrast, mass-

thickness contrast and phase contrast. Diffraction contrast is particularly useful in this 

thesis and is the most frequently used technique as it can resolve grains at different 

orientations, and therefore gives clear information of the size, and variety of 

orientations, of grains within the sample. Diffraction contrast arises due to scattering 

at specific angles for which the incident electron beam satisfies the Bragg condition 

for that crystal (ordered atomic lattice planes) and therefore small changes in lattice 

orientation relative to the incident beam can yield large changes in imaging contrast. 

Mass-thickness contrast arises due to incoherent elastic scattering of electrons, also 



 

 

 

80 
 

known as Rutherford scattering. Given the ability of electrons to penetrate the atom 

(compared to the original alpha particle experiment), the scattering of the electron 

beam is highly sensitive to mass i.e. atomic number and thickness of the sample. This 

information is most useful at high scattering angles, whereby the influence of atomic 

number on the extent of scattering is maximised. Finally, phase contrast arises due to 

shifting of the phase of the electron beam as it passes through the sample, and the 

subsequent interference of the directly transmitted beam and the diffracted beam 

allows direct imaging of the lattice planes. This is often referred to as High-resolution 

TEM (HRTEM). All three of these mechanisms are exploited in this thesis. 
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Fig. 3.2 Schematic of TEM bright and dark-field modes, as well as the different 
detectors in STEM. The primary difference of the convergent incident beam in 

STEM as opposed to parallel incident beams in TEM should be noted. 

In conventional TEM mode, Bright-Field TEM (BF-TEM) exhibits high contrast from 

diffraction, since the aperture directly behind the sample is open, the detected directly 

transmitted beam is used to produce the “bright” parts of the image. Dark-Field TEM 

(DF-TEM) blocks the central parts of the detector directly behind the sample and 

instead uses the strongly diffracted beams to produce “bright” contrast in the image. 

In a sense, DF-TEM is the “reverse” image of that produced by BF-TEM. Choice 

between these imaging modes depends on emphasis required of different parts of the 
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sample as well as initial positioning of the sample. Correct usage of BF and DF-TEM 

can produce very different images depending on the extent of certain lattice 

orientations present in the sample. Conventional TEM also allows the collection of 

selected area electron diffraction patterns (SAED). Before the recombination of the 

transmitted diffraction patterns in order to create an image on the image plane, the 

diffracted electrons are first collected in the back focal plane. These patterns of 

electrons can be collected as an image (SAED) which reveals information on the 

crystal structure, orientation of the crystal, as well amorphicity and polycrystallinity. 

The ability of TEM to produce SAED patterns which correspond to exact areas on a 

conventional TEM image is a powerful advantage and is utilised in this thesis. 

Whereas in conventional TEM a parallel electron beam is incident on the sample, 

Scanning TEM (STEM) uses a convergent beam which is scanned across the surface, 

much like in an SEM. In STEM, detectors positioned at different angles from the 

directly transmitted beam can be switched on to give different information about the 

samples. These detectors are BF-STEM, DF-STEM and High-Angle Annular Dark-

Field STEM (HAADF-STEM). The BF-STEM detector includes the non-diffracted 

beam and the beam diffracted to very small angles. This means both mass-contrast 

and diffraction-contrast phenomena contribute to the image. DF-STEM includes 

beams collected due to a greater extent from mass-contrast and a small contribution 

from diffraction contrast, and HAADF-STEM imaging arises purely from mass-

contrast i.e. is effectively chemical imaging, as it only collects beams at very large 

angles. 

TEM and (STEM) were performed with a JEOL 2100F at 200kV. Bright field (BF), 

Dark Field (DF), and High Angle Annular Dark Field (HAADF) STEM were 

performed using a JEOL Digital STEM System. Energy dispersive X-ray 



 

 

 

83 
 

spectroscopy (EDX) mapping was performed in STEM mode using an Oxford 

Instruments INCA X-Ray Microanalysis System. 

3.3.3 Energy-dispersive X-ray spectroscopy 

As shown in Fig. 3.1, characteristic X-rays are produced when electrons of sufficient 

energy are incident upon as a sample, and this is independent on its being electron 

transparent. These X-rays can be used in order to quantitatively analyse the chemical 

composition of a sample. Fig. 3.3 is a schematic of this process. An electron incident 

on an atom is capable of ejecting a core electron from its orbital. An electron from a 

higher orbital will relax to fill this core hole created and this difference in energy is 

emitted in the form of an X-ray photon with energy characteristic of that element. 

Since the energy levels of core electrons are dependent on proton number and hence 

the element of the atom, the energy and intensity of a characteristic X-ray can be 

interpreted and quantified by an EDX detector and software. This thesis uses EDX as 

a tool in both SEM and STEM techniques. Despite the usefulness of the technique, 

when detecting low atomic number elements (Z<11) the ratio of Auger electrons to X-

ray photons yielded becomes significant enough that quantification is difficult, this 

ratio of X-rays to Auger electrons is known as fluorescence yield. Qualitative analysis 

of lower atomic numbers however is still valid. EDX in chapter 4 was performed 

using the JEOL 2100F TEM in STEM mode at 200 kV. EDX in chapter 5 was 

performed using a Philips XL 30 SEM at 20 kV. 



 

 

 

84 
 

 

Fig. 3.3 Schematic of electron-atom interaction process to produce characteristic 
X-rays for use in EDX analysis 

 X-ray diffraction 3.4

X-ray diffraction (XRD) is a powerful materials characterisation technique for 

determining the crystal structure of typically polycrystalline materials. It can be used 

also used to detect changes in overall orientation (texture) of the grains in a 

polycrystalline sample. 
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Fig. 3.4 Illustration of the X-ray diffraction process in a crystal.  

X-rays incident on a sample with either be transmitted with direction unchanged, or 

scattered (diffracted) by the electrons of the atoms in the sample. X-rays are chosen 

for the diffraction process since their wavelengths are of the same order of magnitude 

as the d-spacings in a crystal lattice. The constructive interference of scattered X-rays 

is used in XRD analysis, and Fig. 3.4 gives an illustration of this diffraction process. 

If the scattering atoms are arranged symmetrically, such as in a crystal lattice, with 

separation d, the scattered waves will add constructively in directions where their 

path-length difference 2dsinし equals an integer number of wavelengths of the X-ray. 

The resulting reflection spots at multiple angles of 2し yield a diffraction pattern 

unique to specific crystals. From this information, the phases present in an alloy can 

be easily identified, and the ratios between their amounts can be compared. 

In this thesis, a Bruker-AXS D8 Advance XRD system was used with Cu k-g 

radiation. Copper X-ray radiation has a wavelength of 0.154 nm, close to the lattice 

spacings of many materials and therefore typically yields a high count. 
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 Raman spectroscopy 3.5

Raman spectroscopy exploits the phenomenon of inelastic scattering of 

monochromatic light by phonons in a molecular system. The impingement of a 

photon of laser light on a molecule results in the excitement and subsequent relaxation 

of the molecule to a different energy state. The energy difference between these states 

is conserved in the energy shift between the photon re-emitted from the molecule and 

the incident photon.  

In this thesis, Raman spectroscopy is used to characterise the structure of single 

crystal silicon machined by EDM. Silicon is easily analysed using Raman 

spectroscopy as the intensity of the Raman spectra is relatively high, and the signal 

positions of the amorphous and different crystal structures are distinct and do not 

overlap. For this reason, single crystal silicon is typically used to calibrate Raman 

systems. In this work, Raman is used simply to clarify the presence of the amorphous 

phase, characterised by a broad hump, with peak at 480 cm-1 wavenumbers. A Horiba 

“LabRAM HR” confocal Raman microscope with a green 532 nm wavelength laser 

was used for Raman experiments. 

 Surface roughness measurement 3.6

White-light interferometry (WLI) was used to yield surface profiles and provide Ra, 

Sa and Sz roughness values. Interferometry exploits the principle of wave 

superposition whereby 2 waves interfering will combine to produce a resulting pattern 

determined by the phase difference between the waves – i.e. constructive interference 

if in phase and destructive if half a wavelength out of phase. A Fogale nanotech 

“Photomap 3D” WLI was used for all roughness measurements. Two parameters were 

used for assessing surface roughness; Sa and Sz. The Sa parameter is the arithmetic 
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mean of the absolute values of the surface departures from the mean plane, and Sz is 

the ten point average of the five highest peaks and five deepest valleys. 

 Materials and sample preparation for microscopy 3.7

Cross-sections of samples imaged by SEM were mounted in a conductive polymer 

resin before polishing on six different polishing wheels down to the finest polish 

using 1 µm size diamond paste. Etching of steel samples was achieved using a five 

second swab of Kalling’s solution to reveal grain boundaries. Kalling’s solution 

contains copper chloride, hydrochloric acid, methanol and water in a 1:20:20:20 ratio, 

respectively. 

Workpiece materials as well as EDM tool electrode materials used in the thesis and 

their chemical compositions are shown in Table 2 and Table 3 respectively. The 

choice behind each material is explained in the relevant research chapter. 

Table 2 Workpiece materials 

Material Chemical Composition (weight %) 

304 Steel Fe – Balance, Cr – 18.5, Ni - 8.5, Mn – 1.5, Si – 0.5, C – 0.06 

310 Steel Fe – Balance, Cr – 25.6, Ni– 19.2, Mn – 0.9, Si – 0.6, C – 0.05 

Co-Cr-Mo Co – 65, Cr – 28, Mo - 7 

Inconel 718 Ni – 53, Cr – 19, Fe – 18, Nb – 5, Mo – 3, Ti – 0.9, Al – 0.5, C- 0.08 

Single crystal silicon 99.999% pure Si 

 

Table 3 Tool electrode materials 

Material Chemical Composition (weight %) 

Tungsten 99.95% pure W 

Copper-tungsten W – 85, Cu - 15 

Copper 99.9% pure Cu 
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 Contamination and material structure of the 4
EDM’d surface at the nano-scale 

 Introduction 4.1

The aim of this chapter is to perform a nano-scale characterisation of the EDM’d 

surface. This involves the TEM analysis of a successfully electrical discharge 

machined feature in single-crystal silicon. The use of TEM analysis reveals electrode 

material contamination, the presence of pores and cracks, microstructural changes of 

silicon in the recast layer and the depth of such phenomena. The use of single-crystal 

silicon allows clear observation of such phenomena since the material is chemically 

homogenous and has a single crystal orientation. This study will give a fundamental 

insight into how EDM damages surfaces of materials machined by the process, and is 

necessary research to accompany the direction of EDM towards micro scale and sub-

micron scale machining. The research is also particularly relevant as recast layers 

become smaller through new technologies from machine tool manufacturers, and 

hence the unobserved defects become more dominant. 

Contamination of both the recast layer and electrodes is known to occur during EDM 

[38, 39, 43]. The presence of pores, craters and cracks in the recast layer is also well 

documented at scales visible when using SEM and optical imaging techniques. There 

has however been little research into these phenomena at the nano-scale, i.e. below 

what is visible to SEM imaging. This is because the preparation of samples for TEM 

imaging is time consuming and expensive. The surface integrity of components 

machined by EDM is critical to their overall mechanical and chemical performance, 

and it is dependent on the presence of the aforementioned morphological and 
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metallurgical features in the machined surface. For this reason, a fundamental 

understanding of the recast layer introduced by EDM at the nano-scale is necessary. 

There are a number of reasons for the choice of single-crystal silicon as a workpiece 

material to perform a sub-micron scale characterisation study:  

 Firstly and most importantly, using single-crystal silicon, observation of 

modifications to its crystal and morphological structure is simple, and in this 

respect the material is highly characterisable under TEM imaging. This is 

because the presence of a single element and a single crystallographic 

orientation gives the material homogenous contrast under all imaging modes, 

and so contamination and modification is much easier to resolve. The single 

element also enhances the effectiveness of EDX elemental analysis. The 

single-crystal structure also allows easy identification of interruptions to the 

lattice.  

 Secondly, the material can be relatively easily machined using focused ion 

beam in order to prepare a TEM sample. This is because it is electrically 

conductive and therefore dissipates charge created by both the electron and ion 

sources, which would otherwise cause unpredictable ion beam paths due to 

electrostatic repulsion/attraction. The absence of inclusions, grains and 

precipitates in the material also improves the predictability of the milling 

process particularly when thinning the TEM lamella down to 100 nm for high 

electron transparency, since different phases are machined at different rates 

under FIB.  

 Thirdly, as it continues to miniaturise, EDM is a potentially competing 

technology for the processing of semiconductors. Silicon ingot slicing in 
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particular is a developing area. Information gathered regarding surface damage 

will accompany other research into the machinability of single-crystal silicon 

for example by Okada et al. [138] Qian et al [139] and Kunieda et al. [56]. 

Detailed analysis of the damage mechanism of single-crystal silicon under 

EDM has not been performed. 

 Methodology and experimental setup 4.2

4.2.1 Research methodology 

In order for the observations made in this chapter to be relevant to a range of EDM 

machining setups, the silicon feature from which the TEM lamella was extracted had 

to be created under stable machining conditions representative of a normal machining 

process, whereby debris build up is avoided. To achieve this, an experimental 

investigation of machining parameters, machining rate and hole quality and accuracy 

was conducted. Given that single-crystal silicon has a number of material variables 

including orientation, p- or n-type, and dopant element, an array of experiments was 

performed to determine the exact experimental setup with the most stable machining 

results. This initial study began with drilling through-holes to determine the point at, 

if at all, unstable machining were to occur. Based on this initial machining, a stable 

machining depth was chosen for further machining trials to establish the most stable 

machining regime. 

After these tests were performed, the most successful machined hole was identified in 

terms of fidelity to intended shape, surface and edge damage, as well as machining 

speed and stability. This sample was used to prepare a TEM lamella using FIB of 

approximately 100 nm thickness for full electron transparency. 
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To fully characterise the TEM sample, the following were done. Firstly, a sequence of 

selected area electron diffraction patterns was then taken from the edge of the sample 

inwards. Low magnification inspection for any larger scale structures such as voids 

and cracks, as well as contamination was then performed. EDX analysis was then 

conducted to determine the elemental composition of contamination observed in the 

sample. High magnification imaging of the lattice and contamination was then 

conducted in order to identify the presence of defects and new structures introduced 

by the EDM process. 

Finally, Raman spectroscopy was also used on the rest of the original EDM’d feature 

to confirm that the material structure of silicon determined by TEM analysis was 

created by the EDM process and was not a by-product of the FIB milling technique.  

4.2.2 EDM and materials 

Machining was performed using a Panasonic sinking-EDM with a rotating electrode 

for flushing of machined debris. A schematic of the setup is shown in Fig. 4.1. A 

polycrystalline tungsten electrode with diameter 150 ± 5 µm was prepared using wire 

electrical discharge grinding (WEDG) [140] before being sunk into the workpiece. 

These dimensions were chosen to be representative of a micro-EDM setup, and not 

intended to push the limits of miniaturisation. The dimensions of the machined feature 

themselves are not expected to have any influence on the phenomena taking place in 

the machined surface. The workpiece materials for this study were low resistivity, n-

type (antimony doped) and p-type (boron doped) single-crystal silicon wafers, with 

orientation types both [100] and [111]. Properties are shown in Table 4. Open circuit 

voltage and capacitance of the relaxation type pulse generator remained constant at 
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90V and 1000pF respectively, and a kerosene oil dielectric was used. An Olympus 

OLS3000 confocal laser microscope was used to produce images of holes after EDM. 

 

Fig. 4.1 Schematic of final clamping arrangement 

Table 4 Properties of single-crystal silicon workpieces 

 

 

 

 

 

4.2.3 TEM  and Raman spectroscopy 

Focused Ion Beam (FIB) machining using an FEI Quanta 200 3D FIBSEM was 

performed to prepare a lamella from one of the machined holes. Given that it was not 

possible to perform a lift out from the bottom surface of the hole due to the restricted 

manipulator entry angle, an “L” shaped lamella was prepared from the top edge of the 

hole. A micrograph of one of the machined holes, along with the site of lift-out and a 

TEM image of the lamella attached to the copper grid are shown in Fig. 4.2. 

Type Dopant Orientation Resistivity 
(っ.cm) 

Thickness 
(µm) 

n Antimony [100] ≤0.02 500 
n Antimony [111] ≤0.02 500 
p Boron [100] ≤0.02 500 
p Boron [111] ≤0.02 500 
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Fig. 4.2 (a) Machined hole on n [100] type Si wafer, machined with positive 
electrode, (b) TEM lamella position on edge of hole, (c) Thinned Lamella 

attached to a Cu lift-out grid 

Raman spectroscopy was performed using a LabRAM HR (Horiba) confocal Raman 

microscope with green 532 nm wavelength laser. An exposure time of 5 s was used 

for all measurements. The process is particularly useful for the rapid evaluation of the 

state of pure materials such as single-crystal silicon. The maximum penetration depth 

for 532 nm laser light in Silicon is 927 nm [141].  This is important for qualifying the 

depth assessed by Raman spectroscopy and therefore whether its results represent the 

machining induced recast layer or a combination of it and the bulk beneath. The use 

of Raman spectroscopy is also a demonstrator for quality control in EDM processing 

of silicon and electrical ceramics. 

 Results  4.3

4.3.1 Achieving stable machining conditions 

It is well understood that during EDM a build-up of machined detritus can occur if 

there is  insufficient flushing of the machining region, for example when producing 

high aspect ratio features where the distance for machined chips to exit the machined 

feature is large. This build-up of conductive debris can cause sparking and therefore 
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machining in unintended areas (short-circuiting), such as the sides instead of the end 

of the electrode. For this reason, initial experiments involved drilling through-holes 

through the silicon wafers (500 たm) in order to determine the depth beyond which 

unstable machining would occur. Fig. 4.3 shows the three repeat tests for each variant 

of silicon, whereby unstable machining occurred in all tests, beginning at between 750 

seconds and 2000 seconds depending on material type and orientation. Unstable 

machining can be identified in the graphs by sudden changes in z-translation rate. Gap 

voltage of 90 V and capacitance of 1000 pF were determined as effective for simple 

sinking EDM experiments according to preliminary tests in single-crystal silicon. 

 

Fig. 4.3 Z-translation against time during EDM sinking of through-holes in all 
silicon wafers.  

The increasing instability of z translation rate and interruption of machining with time 

for all materials was assumed to be caused by a combination of two factors. First 
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debris build up due to insufficient evacuation of machined detritus is known to cause 

randomised machining conditions from unintended sparking. It was also proposed that 

clamping of the workpiece to the earthed block was a factor. Since small clamping 

forces are necessary given the brittleness of the material, proper earthing contact and 

therefore the intended machining voltage across the electrodes was not properly 

maintained. The holes exhibiting poor roundness, particularly at the outlet, can be 

seen in Fig. 4.4. 

 

Fig. 4.4 Example inlet and outlet holes of drilled through-holes in n-type and p-
type [100] silicon. Poor roundness can be observed, particularly for outlet holes. 

The smaller diameter at the outlet end of the through-holes compared to the entry hole 

is caused by excessive electrode wear. The poorer roundness seen at the outlet holes 

can be explained by the more erratic machining conditions present for all tests after a 

z translation of 500 µm. For all variants of silicon, after approximately 100 µm of 

machining depth, z translation rates of the tests for each material showed increase 

divergence. After 300-400 µm, unstable machining was seen for almost all tests, with 
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significant interruptions to the machining regimes. In light of this information, a set of 

experiments was undertaken to produce blind holes of 100 たm sinking depth, which 

was in the most as stable and repeatable machining region. Other machining 

parameters remained the same in this new set of machining trials, except that 

swapping the polarity of the workpiece and electrode, an important parameter in 

EDM, was also investigated.  

 

Fig. 4.5 Z-translation against time for machining of blind holes using parallel bar 
clamping and a negative tool electrode polarity 

Fig. 4.5 shows electrode z translation against machining time for workpieces 

machined using negative tool electrode polarity. None of the setups resulted in 

unstable machining, such as that seen when machining through holes (Fig. 4.3). Good 

repeatability was shown, and under all setups 100 たm depth was achieved between 60 

and 80 seconds. Mean completion time was highest for the n [100] workpiece at 74 s, 
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and lowest for the p [111] workpiece at 62.9 s, translation rates of 1.41 and 1.66 µ/s 

respectively. On all tests, curvature in the z-translation graphs was observed, with 

gradient decreasing with time, indicating decreasing of machining rate. The three tests 

performed under negative tool polarity and on the n [100] and p [111] workpieces 

showed scatter more scatter in terms of translation rates compared to the other 

experiments, specifically, one test during the n [100] machining was 23% quicker 

than the average of the other two, and a test during p [111] machining was 15% 

slower than the average of the other two. Since EDM is fundamentally a stochastic 

process, and machining is dependent to some extent on debris movement and 

effectiveness of flushing, different gap conditions in each test may explain the scatter 

among machining rate results. 

 

Fig. 4.6 Z-translation against time for machining of blind holes using parallel bar 
clamping and a positive tool electrode polarity 
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The testing was repeated with reversed electrode polarity; now using a positive tool 

electrode. For all tests and types of silicon, the gradients of z-translation against time, 

as seen in Fig. 4.6, were more constant compared to that under negative tool polarity, 

indicating machining was stable for the entire duration of sinking. In Table 5 the 

overall translation rates, i.e. the final depth of cut divided by the time taken, are 

shown. 

Table 5 Overall translation rates for blind holes machined using both polarities 

Positive electrode 
translation rates (µ/s) 

Negative electrode 
translation rates (µ/s) 

n [100] - 1 1.43 n [100] - 1 1.62 
n [100] - 2 1.41 n [100] - 2 1.38 
n [100] - 3 1.35 n [100] - 3 1.24 
n [111] - 1 1.31 n [111] - 1 1.44 
n [111] - 2 1.26 n [111] - 2 1.5 
n [111] - 3 1.36 n [111] - 3 1.52 
p [100] - 1 1.93 p [100] - 1 1.68 
p [100] - 2 1.98 p [100] - 2 1.62 
p [100] - 3 2 p [100] - 3 1.55 
p [111] - 1 1.78 p [111] - 1 1.77 
p [111] - 2 1.93 p [111] - 2 1.73 
p [111] - 3 1.87 p [111] - 3 1.49 

 

The p [100] and [111] workpieces machined quicker in 52.3 and 55.2 s mean 

completion time, or 1.97 µ/s and 1.86 µ/s respectively, whereas the n [100] and [111] 

variants yielded translation rates of 1.40 µ/s and 1.31 µ/s respectively. The saw-tooth 

pattern seen in Fig. 4.5 for negative tool polarity was not seen in this case, indicating 

generally more stable machining and possibly avoidance of debris build-up. After 

these machining tests, the resultant features were imaged. 
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Fig. 4.7 Comparison of holes machined using positive tool polarity - (a) p [100] 
silicon and (b) n [100] silicon. Hole-edge defects appeared more frequent on the p 

type workpieces. 

Fig. 4.7 shows example holes machined using what was determined as the more stable 

and faster in the case of the p type, (positive) tool electrode polarity. Both p and n-

type silicon exhibited some defects at the edges of machined holes. 

For use of a workpiece for TEM lamella preparation, the n [100] type workpiece from 

the positive tool electrode experiments exhibited the fewest machining defects, 

compared to others, and this material was chosen. This study is interested in the nano-

scale features present in the surface of workpiece which may otherwise be considered 

defect free under SEM imaging. Therefore the characterisation of a feature which 

would normally be considered to have few defects is of particular interest. A hole 

with no edge defects from this same workpiece, and the feature used to prepare the 

TEM lamella is shown in Fig. 4.2. 

4.3.2 TEM lamella preparation 

Preparation of a TEM lamella from the bottom of the machined hole presented 

difficulties, since after successful cutting of a lamella, a manipulator must be moved 

to this location. However with this hole aspect ratio, entry of the manipulator to the 

bottom of the hole was not possible. Therefore a lamella was prepared from the top 
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edge of the hole to enable successful attachment to the copper TEM grid. An L-

shaped lamella was prepared, which effectively curved down approximately 15 たm 

depth into the hole. In Fig. 4.8 different surface characteristics at the very edge and 

top of the hole can also be seen, such as a fracture, possibly caused by mechanical 

contact before machining between tool and workpiece, whereas the sides of the hole 

exhibit a more typical EDM surface.  

4.3.3 Micro-damage observation 

 

Fig. 4.8 FIB milling of EDM surface near lamella, of approximately (b) 1 たm 
depth and (c) 2 たm depth. Sub-surface pores are revealed at different depths into 
the surface. A schematic showing the location of the lamella extraction location 

and area of FIB inspection is shown in (a) 

The FIB technique used to prepare the TEM lamella can also be used to perform sub-

surface characterisation of cross-sections. Fig. 4.8 shows the use of this technique 
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next to the region of lamella lift-out. FIB milling was performed in incremental 

distances of 100 nm into the surface, to reveal micro-level sub-surface damage. Pores 

between 500 nm and 1 たm were seen after cutting to 1 たm depth, as seen in Fig. 4.8 

(a), and slightly larger pores between 1 and 2 たm diameter were seen only after 

milling to 2 たm depth, where smaller pores previously seen were no longer present. 

4.3.4 Nano-structure 

Under bright-field TEM imaging, locations at the bottom of the L-shaped lamella seen 

in Fig. 4.2 were observed for overall identification of material structure and damage 

and for obtaining diffraction patterns.  

4.3.4.1 Diffraction patterns 

A sequence of SAED patterns in a direction perpendicular to the machined surface 

and in intervals of approximately 250 nm was used to determine microstructural 

changes induced by the EDM process (Fig. 4.9). Close to the surface, in pattern 1, a 

combined amorphous structure with some possible polycrystalline signal, as well as 

the single crystal pattern was identified. The amorphous structure may have been 

caused by the FIB process [83]. In locations 2 and 3, an amorphous signal was no 

longer present, and a combination of single crystal and a twinned pattern was 

observed, this phenomenon is further discussed around Fig. 4.19. In locations 4, 5 and 

6 a solely single crystal pattern, the same as that of a non-EDM’d region of the 

lamella (see Fig. 4.19 (a)) can be seen.  
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Fig. 4.9 Bright field TEM image of recast layer. Sub-surface bubbles are 
revealed. Diffraction patterns indicate some amorphicity in location 1, a twinned 

region in 2 and 3, and purely single crystal in locations 4, 5 and 6 

Fig. 4.10 shows larger versions of the diffraction patterns at location 1, 3 and 4. A 

single-crystal pattern is clear and consistent on all diffraction patterns, indicating the 

beam is well aligned to a zone axis. Fig. 4.10 (a) exhibits a dominant single crystal 

pattern, with thick and unclear rings present indicating the presence of an amorphous 

structure, although this signal is not clear. The single crystal pattern in the image is 

the same as that from deeper into the lamella, i.e. pattern 6. Fig. 4.10 (b) reveals a 

distinctive twinning pattern, i.e. offset spots with the same structure. Fig. 4.10 (c) 

shows a purely single-crystal pattern seen in locations 4, 5 and 6. 
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Fig. 4.10 SAED patterns from Fig. 4.9 showing (a) Amorphous + single-
crystal/single orientation in location 1 (b) Twinned structure in location 3 and (c) 

single crystal/single orientation in location 4  

Although tilting the sample relative to the beam direction so that it is parallel to a 

zone axis is required for clearest identification of single-crystal patterns, these strong 

signals may disguise underlying amorphous or polycrystalline structures. The lamella 

was therefore then tilted relative to the electron beam so that the direction of the beam 

was no longer in the direction of a zone axis, thereby exposing any underlying 

amorphous or polycrystalline structure otherwise hidden against the dominant 

crystalline pattern. An SAED pattern from location 2 after this process can be seen in 

Fig. 4.11. A combination of an amorphous structure (broad rings) and a fine 

polycrystalline signal (small points in fine rings) can be seen in this new pattern. This 

suggests that despite a strong crystalline pattern previously detected, the surface is 

also composed of a finer crystalline structure, since the diameter of the pattern region 

was about 150 nm. An amorphous matrix was also apparent. Since the nano-
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crystalline structure has no preferential orientation, higher resolution imaging and 

EDX analysis is required to determine which features contribute to this structure. 

 

Fig. 4.11 Electron diffraction pattern from location 2 in Fig. 4.9 when beam is 
tilted away from the zone axis. A polycrystalline signal is observed 

4.3.4.2 Raman spectroscopy 

In order to confirm the presence of the amorphous layer after EDM, Raman 

spectroscopy was performed on the as-received silicon wafer as well as the surface of 

the original machined hole. This was particularly important because it is known that 

FIB machining can create a thin region of amorphisation on a crystalline sample, and 

therefore this factor should be removed.  
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Fig. 4.12 Typical Raman spectra of (a) as-received silicon wafer and (b) bottom 
of machined hole 

Example Raman spectra from both the as-received single-crystal material and the 

machined surface can be seen in Fig. 4.12. A solitary sharp peak is observed for the 

single crystal material at 520 cm-1, consistent with that for c-Si [142]. A hump was 

observed on all spectra taken from the machined surface at approximately 470 cm-1 

Raman shift, consistent with amorphous Si [143]. Despite this, a large peak for c-Si 

still remained for all spectra taken from the machined surface. This supports the 

SAED patterns indicating crystalline silicon is the dominant structure with some 

amorphisation at the near surface. 

4.3.4.3 Lattice imaging 

The principle of phase contrast occurring in a TEM, interference between the electron 

beam phase shifted by the atomic lattice, and non-phase shifted beams (explained in 

section 3.3.2) can be exploited to provide lattice images (HRTEM). This imaging 

mode was used to reveal the depth in the surface at which amorphous, crystalline and 

twinned structures begin to appear. 
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Fig. 4.13 HRTEM images showing (a) near surface amorphisation and beginning 
of crystalline zone and (b) 500 nm depth revealing a twinned super-lattice next to 

a single crystal 

The amorphous structure identified in the diffraction patterns, and by Raman 

spectroscopy can be seen in Fig. 4.13 (a). The region of atoms with no apparent 

structure can be clearly seen. Two crystalline regions beneath this 30 nm amorphous 

layer can also be seen. Although they both have lattice structure, they are reflections 

of each other about a mirror plane, i.e. twins. In Fig. 4.13 (b), at 500 nm from the 
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edge of the lamella, a complex twinned super-lattice structure can be seen. This is a 

repeating pattern of alternating twins, of only several atoms width.  

4.3.4.4 Porosity 

Pores at 400 nm below the surface and terminating after 1.1 µm were observed (see 

Fig. 4.14). The pores were observed up to the very edge of the observed recast layer. 

The diameters of pores exhibited a large variety, with the smallest approximately 10 

nm and the largest with a diameter of 200 nm.  

 

Fig. 4.14 Pores imaged in (a) Bright field TEM and (b) Dark field STEM. High 
electron transparency is observed.  

The highly spherical shape seen at higher magnification suggests they are formed by 

either the expansion or contraction of gas trapped in the recast layer. Gas may have 

moved into the recast layer during discharge when the surface is molten, after which 

solidification of the surrounding silicon occurs. A concentration of deposits was also 

observed at the outer rim of many of the pores, which could be explained by the 

agglomeration of particles at their edges as the molten recast layer containing particles 

flows around the trapped gas. If the circular nature of the pores is explained by the 

expansion of gas, then particle concentration at their edges would also be explained 

by gas expansion forcing the particles outwards, where their motion is subsequently 
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impeded by the presence of liquid matter. The high electron transparency of the pores, 

i.e. their brighter appearance in bright field imaging, also indicates the lamella is 

much thinner in these regions (see Fig. 4.14).  

4.3.5 Material deposition 

A significant compositional change was observed in the machined surface. HAADF-

STEM imaging in particular revealing contrast according to atomic number indicated 

the presence of a heavier element in the surface (see Fig. 4.15), and this 

contamination was observed up to approximately 1.2 µm depth into the surface. To 

examine the elemental composition of the surface, and to explain the polycrystalline 

selected area diffraction patterns, EDX analysis was performed. 

 

Fig. 4.15 HAADF STEM image of deposits in recast layer with indicated EDX 
region with Tungsten, Silicon and Carbon EDX maps proving absorption of tool 

electrode material and Carbon into the silicon recast layer. 

Fig. 4.15 shows HAADF STEM images of nano-particles of a heavier element in the 

recast layer of the workpiece. A distinctive region of material deposits was used to 

allow EDX mapping to prove the presence of the element more easily. The region 

mapped by EDX is indicated, and the W map shows tungsten matching the positions 

of the particles in the micrograph. The Si map also shows the matrix is silicon. This 
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suggests that tool electrode material from the dielectric is mixed in with the discharge 

melt pool and makes a contribution to the composition of the machined surface. A 

carbon map is also shown, with a distribution more uniform than that of the tungsten 

deposits, but also with some regions of localised concentration. HRTEM imaging (see 

Fig. 4.16) was used to observe size, shape and crystal structure of the tungsten 

particles.   

 

Fig. 4.16 Tungsten crystals of approximately 3 nm diameter in an amorphous 
region of silicon. 

A defined crystal structure can be seen in the location of particles, whereas a distinct 

amorphous matrix with no lattice structure can be observed for the surrounding 

silicon. The crystalline lattice structure of silicon shown in Fig. 4.20 can be used for a 

comparison under high resolution imaging to the amorphous structure seen in Fig. 

4.16. The smallest size of tungsten crystal observed was approximately 3 nm. It was 

also observed that the lattices of the tungsten crystals were randomly oriented, this 

may be explained by their movement into the surfaces as solid particles and their 

crystal structure is maintained, and therefore crystal growth by a directional cooling 

gradient was unlikely to be responsible for their formation. 
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4.3.6 Dislocations, strain and damage  

Below the recast layer characterised by high tool deposition and pores, an 

inhomogeneous dislocation rich region was observed (Fig. 4.17 (b)). Contrast arises 

from dislocations in BFTEM mode since in these locations the lattice is distorted and 

more electrons will satisfy the specific Bragg diffraction angle here compared to the 

rest of the single crystal sample where the image is formed (i.e. brighter contrast 

regions) by the admittance of the primary (non-diffracted) beam, hence darker 

contrast is observed in dislocation regions. This TEM imaging principle also shows 

the polycrystalline regions near the surface in Fig. 4.17 (a), since a mixture of light 

and dark contrast is observed, suggesting no preferential orientation.  
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Fig. 4.17 (a) Bright-field TEM image showing extent of recast layer and single 
crystal region beneath showing bend contours, (b) BFTEM image of the same 
area showing dislocation regions (c) BFTEM image of strain field induced by a 

dislocation. 

In Fig. 4.17 (a), bend contours can also be seen in the single crystal region of the 

lamella beneath the recast layer typical of a single crystal when the lamella is slightly 

buckled, whereas in the contaminated recast layer at the surface, such contours cannot 

be easily identified. Bend contours arise when the sample is not perfectly straight. 

This effect clearly distinguishes the boundary of the recast layer. Lattice strain can be 

inferred by the presence of contrast fringes observed in BFTEM mode. In Fig. 4.17 

(c) localised contrast fringes can be seen in a region just beneath the recast layer, 

inferring the presence of a defect. In the vicinity of a defect such as a dislocation, it is 

known that the diffraction planes are distorted. This strain field around a dislocation 
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core is sufficient to locally tilt lattice planes into and out of the Bragg condition, 

thereby resulting in an oscillation of intensity of the outgoing beam, producing 

contrast fringes [137].  

 

Fig. 4.18 Crack of approximately 20 nm width from approximately 1.0 たm depth 
extending towards the surface. 

A single crack was observed in the TEM lamella, emanating from approximately 1.0 

たm from the edge and up to the surface. The crack was approximately 20 nm in width, 

and therefore would not have been resolved by optical or SEM imaging. Dislocations 

can be seen at the base of the crack, indicating stress was applied in these regions, 

resulting in the creation of the crack. A crack is formed when the stress in the material 

exceeds the material’s fracture strength – equivalent to the ultimate tensile strength. 

Since the crack appears to begin just beneath the recast layer, at about 1.0 µm depth, it 

was likely caused by the contraction of the solidifying recast layer next to the solid 

bulk beneath, resulting in a significant level of tensile stress at this interface. 
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 Discussion 4.4

4.4.1 Crystal structure 

4.4.1.1 Amorphisation 

TEM selected area electron diffraction patterns of a sequence of regions of the recast 

layer when the electron beam was perpendicular to the zone axis showed a clear 

single crystal silicon pattern was present in all regions analysed. In combination with 

single crystal silicon, nearest the surface an amorphous region was identified based on 

these patterns, and beneath this a twinned region was identified. Approximately 800 

nm into the machined surface, a twinned pattern was no longer observed and a single 

crystal silicon pattern equal to that of the non-machined section of the lamella was 

seen. After the beam was tilted away from the zone axis, a polycrystalline pattern 

emerged on amorphous rings in location 2 in Fig. 4.9. High resolution imaging of the 

surface as well as Raman spectroscopy of the machined surface also confirmed that a 

combination of twinning and amorphisation is the damage mechanism occurring when 

machining single-crystal silicon with EDM. This is in contrast to a solely amorphous 

layer which has been shown to occur after machining single crystal silicon by 

mechanical means in the ductile cutting mode [144].  

Under ductile mechanical cutting conditions when machining single crystal silicon, as 

have been achieved by several authors, a purely amorphous layer is observed, for 

example by Fang et al. using TEM diffraction patterns of amorphous machined chips 

[144], and by Yan et al. using Raman spectroscopy and direct TEM observation [57]. 

After EDM machining, based on the results in this chapter, the recast layer is 

dominated by crystalline silicon, with a weak signal, based on both SAED patterns, 

high-res imaging and Raman spectroscopy. In other words, the damage in silicon as a 



 

 

 

114 
 

result of the thermal based EDM process is distinct from that caused by mechanical 

machining processes, in that the structure of the recast layer is effectively regrown in 

a crystalline form. Determining and minimising the depth of amorphisation taking 

place in the near-surface layers has been a goal of much research in the field of 

precision semiconductor processing [57, 145, 146], and is important since single-

crystal silicon is an essential material for solar cells, electronic devices as well as 

infrared optics. This study is the first time the sub-surface damage taking place due to 

EDM of a semi-conductor material has been performed. The ability of EDM to avoid 

a completely amorphous phase, and to yield a remelted layer dominated by a 

crystalline structure is promising for the process, particularly given the precision of 

the process at the micro-scale. 

To eliminate the factor of the FIB amorphisation during preparation of the lamella, 

Raman spectroscopy confirmed the presence of the amorphous phase in the machined 

surface with the characteristic hump in the signal, peaking at approximately 470 cm-1. 

The maximum penetration depth of 532 nm laser in silicon is 927 nm [141], although 

it should be noted that this value cannot be considered exact considering the 

contamination of the surface with tungsten. It is also important to note that the Raman 

shifts recorded represent an average value from the entire scattering volume between 

the surface and the ~927 nm maximum depth. Combined with the observation of 

deposition of material up to approximately 1.2 µm into the surface, it is reasonable to 

suggest the Raman shifts observed represent only the recast layer and not the bulk 

beneath. Therefore the strong Raman shift for c-Si at 520 cm-1 as well as the 

amorphous hump in Fig. 4.12 (b) supports the findings from the SAED patterns that 

the recast layer is not a uniform region of the amorphous phase but is only partially 

amorphised. A polycrystalline SAED pattern was also observed 250 nm from the 
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surface after tilting the beam away from the zone axis, and upon EDX analysis, 

HAADF imaging and direct observation of the nano-crystals in the surface it was 

concluded that this pattern arises from the deposition of crystals into the recast layer 

from the tool electrode, although this was not in sufficient enough quantity to 

noticeably affect the Raman spectrum. 

4.4.1.2 Twinning 

Crystal twinning is when two or more crystals are formed in a symmetrical fashion. 

This means that lattice points in one crystal are reflected in the twinned crystal by a 

twin plane (or mirror plane) in the lattice. Twinning can occur either during growth of 

a crystal, or if a crystal is subjected to stress. In several SAED patterns of our 

machined surface, a strong twinning pattern of the single crystal silicon matrix was 

observed. Fig. 4.19 compares an SAED pattern of a non-machined region of the single 

crystal lamella with a pattern from location 7 in Fig. 4.9. In (a) lattice points are 

identified, and in (b) the lattice planes across which the crystal twins are mirrored can 

be seen. Two twins were identified according to the patterns, one is a twin of the 

parent matrix mirrored along the (11な) plane and the other is a twin of the parent 

matrix along the (111) plane. Lattice points and planes were identified according to 

previous work on twinning during semiconductor growth [147]. A schematic is also 

shown to illustrate more clearly the twin planes about which the crystal is mirrored. 
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Fig. 4.19 Diffraction patterns from (a) location on lamella not subject to 
machining, revealing single crystal silicon structure (b) location “7” on Fig. 4.9 

revealing twin structure (c) schematic of twinning planes 

There is evidence that impurities, especially carbon promote twinning during growth 

of crystalline silicon [148]. Since it is understood that the machined surface is molten 

during spark on-time, and the observation of pores in our results supports this, it can 

be concluded that twin formation in this study likely occurred as a result of crystal 

growth during resolidification, and since carbon as well as tungsten contamination has 

been detected in our EDX results, the presence of these contaminants may explain the 

interruption of crystal growth and the subsequent formation of twins. Given the 

primary lattice structure (i.e. the brightest spots) of the recast layer seen in the 

diffraction pattern in Fig. 4.19 (b) is the same as that of the unaffected, single crystal 

structure of the lamella in Fig. 4.19 (a), this would suggest that epitaxial growth of 
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silicon is occurring, whereby a crystalline structure in the recast layer is grown 

beginning at the liquid-solid interface and is a continuation of the bulk crystal 

structure. However, in this case twinning was observed to occur during crystal 

growth. Treatment of the mechanically machined surface of single-crystal silicon has 

been the subject of research in order to eliminate the amorphous damaged structure 

and recreate the crystalline structure beneath by epitaxial growth. For example Yan et 

al. successfully reconstructed the bulk single crystal structure in the surface of a 

machining-damaged silicon wafer by the use of nanosecond (3-4 ns) pulsed laser 

irradiation surface treatment [149].  

 

Fig. 4.20 Twin observed approximately 100nm from the surface of the sample 

The presence of twins in the recast layer was also confirmed by direct BFTEM 

imaging of the lattice. Fig. 4.20 shows a TEM image of a twin in the parent silicon 

matrix, with twin boundaries clearly visible. 

4.4.2 Contamination 

EDM is fundamentally different from mechanical machining techniques in that the 

mechanism of material removal depends on the superheating of the molten workpiece 
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and the subsequent pressure drop at the end of spark duration expelling some of the 

melt pool into the dielectric. Despite the use of a flowing dielectric to remove this 

resolidified debris from the machined region and maintain predictable electrical 

conditions in the spark gap, carbon from oil based dielectrics is known to move 

during machining into the surface of the workpiece [62] and the tool electrode [40]. 

This is thought to occur due to thermal dissociation or “cracking” of the carbon based 

oil [38]. In EDX results in order to identify the foreign particles, carbon was also 

detected in the recast layer, in a more uniform distribution than the tungsten deposits. 

In machining of materials where chemical composition of the original material must 

be maintained, as well as for machining where the precise properties of the surface of 

the workpiece should be known, understanding and predicting the movement of 

material into the workpiece surface is critical. In this study, tungsten crystals were 

observed down to 1 µm depth from the surface; the same depth at which porosity and 

amorphisation were also seen. Contamination was therefore not present as a separate 

layer created on the workpiece, but an inherent part of the recast layer induced by 

EDM. This suggests that EDM is not only a process which induced porosity and 

surface cracking in machined components, but should also be considered a chemical 

modification process dependent on the composition of the tool electrode.  

Addition of the tool electrode material onto the workpiece during EDM has also been 

considered as a beneficial phenomenon, and has been achieved by several researchers, 

such as Mohri et al. using a composite structured electrode onto a steel workpiece 

[99],  as well as by Ho et al. onto Ti-6Al-4V [150] and proposed as a practical method 

of introducing coatings onto tools such as drills [100]. The nano-scale diameter of 

embedded tool electrode (tungsten) crystals observed in the recast layer is of 

particular interest from the perspective of EDM coatings, since a nano-structured 
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layer of deposited material would have significant benefits for the mechanical 

properties of the coating. For example increased hardness has been measured through 

deposition of a nano-crystalline layer of Fe-Si by cold-spraying compared to a cold-

sprayed micro-crystalline layer [151]. Fe-Ni coatings with improved hardness have 

also been demonstrated through electrodeposition [152]. Recent work on electrical 

discharge coating (EDC) has shown that titanium deposition from powder suspension 

onto a tungsten carbide substrate can increase surface hardness to 1750 HV from 990 

HV in the substrate [103].  

4.4.3 Deformation, cracks and porosity 

Dislocation regions were observed just beneath the recast layer, where pores and tool 

electrode contamination were no longer observed. These regions of dislocations were 

not homogenous but concentrated to smaller regions. It is proposed that the stress 

induced at the interface between the solidifying recast layer and unaffected bulk 

beneath results is compensated by the nucleation of dislocations, and in one case in 

this sample, the stress was large enough to overcome the fracture strength of the 

material, causing a crack to initiate. The damage observed in this study in single-

crystal silicon is similar to that observed by Yan et al. [57] in precision diamond 

machining of the same material, in the sense that a dislocation-rich region was 

produced beneath the damaged region, which in their case was an entirely amorphous 

layer.  

The presence of cracks as well as pores in the recast layer is considered critical to the 

surface integrity of the component machined by EDM, and as a result there has been a 

substantial research effort in characterising and determining parameters which result 

in the fewest pores or cracks. For example Zhang et al. [153] have investigated the 
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characteristics of recast layers produced using different dielectric types. It was 

observed through cross-sectional and surface SEM/optical imaging that many more 

were observed when using a water-in-oil emulsion dielectric compared to a kerosene 

and a water dielectric. This was explained by the larger volume of gas generated in 

water-in-oil dielectric during machining, which was measured in the paper. In terms 

of surface cracks, the water dielectric produced the shallowest cracks compared to the 

other two dielectrics. The results in this chapter however reveal that pores with a 

diameter as small as 10 nm, and a crack of 20 nm width can be produced in a surface 

machined by EDM. This effectively nullifies the conclusions which are made based 

on SEM and optical imaging regarding the surface integrity of EDM’d surfaces. It is 

therefore suggested that only fundamental, TEM imaging can properly reveal the 

structure of materials machined by EDM. 

 Conclusions 4.5

For the first time, a nano-scale characterisation study of a single-crystal material 

machined by EDM has been performed. This study has revealed a number of material 

phenomena on the EDM’d surface previously unseen at the nano-scale. The work has 

indicated that more conventional and convenient imaging techniques such as SEM 

and optical microscopy are not sufficient to properly explain the surface integrity of 

EDM’d surfaces. In reality, the presence of porosity, contamination and cracking 

occurs at the nanometre scale, and therefore TEM analysis is required for full 

characterisation of surface features of EDM’d components. The existence of such 

phenomena at this scale has implications for the surface integrity of all EDM’d 

workpieces, and is particularly important for the furthering of EDM as a micro-

machining process. It also impacts the requirements for the post-processing of EDM’d 

workpieces, for example surface treatment techniques.  
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Based on TEM imaging as well as diffraction patterns, the machined surface of single 

crystal silicon is modified significantly from that of the bulk crystal. Pores of a range 

of sizes from 10 nm to 200 nm comprise the recast layer. Since little TEM work has 

been done on the analysis of the recast layer of EDM’d materials, this is the first 

observation of sub-micron sized pores in the machined surface. Diffraction patterns 

and direct imaging of the lattice have exposed that the surface is mainly composed of 

crystalline silicon with some twinned crystalline and amorphous structure. Since there 

are a number of phenomena which have been characterised in this chapter, they are 

summarised in the schematic in Fig. 4.21. 

 

Fig. 4.21 Schematic of phenomena and corresponding depths in cross-section 
observed in cross-section in EDM’d single crystal silicon 

The conclusions made in this chapter can be summarised as follows: 

 Three phenomena at the nano-scale created by the EDM process not discussed 

before in literature have been observed: nano-scale pores, nano-scale crystals 

of embedded tool material, and a nano-scale crack. Porosity and cracking are 

critical phenomena associated with EDM’d surfaces which inhibit the fatigue 

performance of components due to stress concentration effects. These 
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phenomena also have implications for the creation of coatings by ED 

processes. 

 Spherical pores of varying diameters between 10 nm and 200 nm were 

observed in the machined surface, at depths of up to 1.1 µm. It is thought these 

pores are created from the absorption of gas in the surface when molten. 

 A 20 nm wide crack was observed, originating just beneath the recast layer, at 

approximately 1 µm depth. The presence of a crack in the small TEM sample 

suggests it is likely for nano-scale cracks to be prevalent in the remainder of 

the surface of the machined feature. 

 Selected-area electron diffraction patterns and Raman spectroscopy were used 

to show that the surface microstructure is primarily crystalline silicon with 

some twinned crystalline and amorphous silicon. The twinned-crystalline 

structure is formed due to epitaxial growth during resolidification of the 

molten surface. A complex repeating twinned super-lattice was also observed. 

 Movement of tool electrode material (tungsten), as well as carbon from the 

dielectric into the machined surface occurred during machining.  

 The size of embedded tungsten particles is typically several nm with the 

smallest particles approximately 3 nm in diameter. The particles appeared to 

be single crystals, which were observed in random orientations in the recast 

layer. 

 These new structures observed at the nano-scale of an EDM’d workpiece have 

implications for the integrity of components subject to the machining process, 

and TEM analysis should be considered for future analysis of EDM recast 

layers. 
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 The mechanism of material transfer between 5
electrodes 

 Introduction 5.1

The aim of this chapter is to explain how material transfers between tool electrode and 

workpiece during EDM. Based on the results in chapter 4, it is now understood that a 

number of material phenomena are introduced to the surface of materials after EDM 

at the nano-scale. These include pores, cracks, as well as opposite electrode deposits. 

This chapter focuses on contamination of opposing electrodes which is known to 

occur in EDM, yet the mechanism of which has not been explained. The motivation of 

this chapter is to understand how foreign material moves between electrodes, and 

explain how this fits with the principle of EDM whereby removed material is 

expected to solidify upon ejection into the dielectric, and then is flushed away and not 

reattached to the tool or workpiece surface [13]. A full understanding of the 

relationship between the discharge process and the attachment of material during 

EDM is not just essential for understanding how unintended contamination of 

chemically homogenous materials such as semiconductors occurs, but it is also 

important for the deliberate avoidance or introduction of species to a surface during 

EDM.  

Since the 1990s, EDM has been investigated as a coating process. For example, a 

titanium coating has been successfully deposited using both powder suspension in the 

dielectric [103] as well as from a sacrificial electrode [43], and TiC has been 

deposited using a sacrificial layered electrode of graphite and titanium [101]. 

Mitsubishi Electric Corporation now manufactures an EDM machine designed to coat 

workpieces with a wear resistant or corrosion resistance layer. Observation of this 
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process, according to the literature in the subject, has focused only on the resultant 

layers produced under certain conditions, and no fundamental study has been 

performed to demonstrate the mechanism of material deposition. Determining how 

deposition relates to the discharge process and the resultant discharge spot, as well as 

the conditions which cause it, is critical to both the avoidance and creation of layers of 

contaminating material on workpiece and electrode surfaces in EDM. 

The high frequency of discharges necessary in EDM – many thousand times per 

second – means that direct observation of the material removal process is difficult. 

Therefore in this chapter, the discharge process will be characterised by the inspection 

of individual discharge craters and the cross-sections of electrode surfaces. This work 

includes an investigation on the machining of high-aspect ratio slots, followed by 

metallurgical analysis of the surfaces of the tool electrodes as well as the workpiece. 

Low magnification microscopy and elemental mapping was first conducted to explain 

the movement of machined debris and subsequent deposition onto the electrodes. 

Cross-sectional analysis was then performed on the tool electrodes to quantify the 

thickness and composition of the deposited layer. To determine the mechanism of 

attachment of material during the process, elemental analysis of individual primary 

and secondary discharge craters was performed.   

 Methodology and experimental setup 5.2

5.2.1 Research methodology 

This study required the analysis of individual discharges spots. For this reason a large 

surface area of electrode was required for an increased probability of distinguishing 

individual discharge spots. Since in the normal machining region of an electrode, the 

surface is affected by many successive discharges, the sides of a sinking electrode 
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undergoing much less frequent sparking are more useful for identifying individual 

discharges. For this reason deeper sinking EDM was required to leave some regions 

of the electrode free of discharge craters. The sinking experiments investigated the 

primary EDM parameters of discharge current, on-time and off-time to establish the 

dependence of material deposition on these variables. A factorial design of 

experiments was used for this investigation. 

After machining, the resultant holes were cross-sectioned, and observed to confirm 

successful machining had occurred, before examining the surface for a contaminant 

layer. The used tool electrodes were subject to EDX mapping to determine the extent 

of workpiece material contamination in relation to machining parameters. 

The thickness of contaminating layers on both tool and workpiece was then measured, 

and their dependence on machining parameters was determined. Individual discharge 

spots on the electrode were finally analysed using EDX mapping and SEM imaging to 

determine if specific regions of the discharge spot were responsible for material 

deposition. 

5.2.2 EDM, EDX and materials 

A Sodick AP1L die-sinking EDM machine was used for all EDM experiments in this 

chapter, using “Steel fluid W95-SE” kerosene as a dielectric. The selected workpiece 

material was a cobalt-chrome-molybdenum based alloy. It is a hard and wear resistant 

material used in hip replacements and in functional prototypes. Cobalt-chrome based 

alloys also have applications in the hot pressing and extrusion die industries given 

their high wear resistance at elevated temperatures. Its application in the medical 

implant industry means that contamination of the workpiece surface is of particular 

importance. Given its high hardness and good wear properties, future work regarding 
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electrical discharge coating for hard wearing layers may consider this material. For 

these reasons the material is a sensible choice of workpiece material in this study. 

Copper-tungsten composites are attractive materials for use as EDM electrodes given 

the combination of high electrical and thermal conductivity of the copper with the 

high melting temperature of tungsten, resulting in low electrode wear rates. It is also 

easily machinable by conventional milling; an essential property for the cutting of 

electrodes into specific shapes. It is fabricated by powder metallurgy since the lower 

melting point of copper means alloying it with tungsten is difficult. This fabrication 

process means the material is a composite of tungsten particles with a copper binder 

matrix. This material structure is also interesting in terms of its EDM wear properties 

since it is made of 2 distinct components with differing thermal properties.  

The electrodes were conventionally milled from a copper-tungsten block into a high-

aspect ratio of 0.2 x 2 mm cross sectional shape with 5 mm length. The AP1L 

machine used interval z-axis reciprocation to enable flushing from the workpiece area. 

Fig. 5.1 shows a cross-section of a typical machined slot, with inserted optical images 

of the tool electrode to present the aspect ratio of the operation. Slots were machined 

into a single cuboid workpiece of 20x10x8 mm. 
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Fig. 5.1 (a) Cross-section of typical machined micro-slot with insert of electrode 
images and (b) schematic of operation 

Since the core of this study involves the migration of material during machining, 

elemental analysis was a key aspect. Energy dispersive X-ray spectroscopy (EDX) 

was employed for this, using a Philips XL 30 SEM at 20 kV. Since the deposited layer 

reported in the results was observed to be on the same order as typical electron 

penetration depths used for EDS analysis, i.e. between 1 µm and 5 µm, electron 

penetration ranges were calculated for the elements permitting the shallowest and 

deepest penetration depths. An average penetration depth based on the EDS results 

was not calculated given the result itself is dependent on the elemental composition. 

The equation used is an expression for the total penetration depth in a straight line of a 

single electron [154]. と is density, A is atomic mass, Z is atomic number, E0 is 

accelerating voltage. 

Electron penetration range: 

迎岫航兼岻 噺  待┻待態胎滞凋跳轍┻添纏諦 継待怠┻滞胎         Equation (2) 

Given the depth of electron penetration using EDX is dependent on the elemental 

composition of the layer being analysed, an exact figure of this depth is difficult to 

determine and is transient across the area mapped. However, if we consider a 

maximum and minimum depth based on the elements present, a reasonable window of 
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accuracy can be inferred. Based on Equation (1), considering an E0 of 20 keV, the 

element permitting the highest electron penetration is chromium at 1.76 µm, while 

tungsten allows the least penetration at just 0.85 µm. Based on this it can be said that 

the depth of the elemental map represents the composition no deeper than 1.76 µm 

into the surface.  

A Hitachi S-2000N was used for both secondary electron and back-scattered electron 

microscopy. “ImageJ” image processing software was used to measure distances on 

the electrode surfaces and in cross-section. 

5.2.3 EDM parameter selection 

Preliminary experiments were used to define the process window from which the 

experimental parameters were based. Preliminary trials were conducted based upon 

typical parameters used by authors for micro-features with similar dimensions. For 

example Diver et al. investigated on-times between 1 and 10 µs for the EDM of 

tapered micro-holes with 100 µm entry diameter in NiCr alloy [3]. Liu et al. also used 

a pulse on-time process window between 4 and 50 µs when machining with 110 µm 

diameter electrodes in high-nickel alloy workpiece, with good stability achieved using 

the lowest on-time of 4 µs [155]. Currents typically used in micro-EDM span a large 

range, for example currents between 2 and 15 A have been used for the fine 

machining of monocrystalline silicon [156], and 40 A for the drilling of micro-holes 

at high speeds [3], while currents of 320 mA have been used to produce fine micro-

holes in polycrystalline diamond [157]. After experimental trials based on this 

information, conformity of holes and machining times were evaluated and a process 

window with currents between 2 and 5 A, and on-times between 3 and 15 µs were 

identified which would represent typical, representative of neither roughing or 
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finishing machining conditions. Limitations regarding the increments of allowed 

current settings on the apparatus used restricted the range over which current could be 

set with regular increments. With regards to off-time, a duty factor of approximately 

50% is typical in EDM, i.e. using an off-time roughly equal to on-time, although 

using a shorter off-time can be beneficial for shorter machining times to the detriment 

of tool wear rate. The design of experiments was based on a mixed level factorial 

design with 3 levels for current and on-time, and 2 for pulse off-time, in order to 

investigate the influence of these key factors on the deposition observed, and to 

clarify if it is not dependent on off-time. Long machining times associated with the 

geometries produced were also a factor in minimizing the number of required 

machining operations. Table 6 shows the range of experimental parameters, and the 

resultant machining times. 

Table 6 Experimental parameters with resultant machining time 

 

 Test number                  

  1 2 3 4 5 6 7 8 9 10 

Main current (A) 2.3 3.4 4.5 4.5 2.3 4.5 2.3 2.3 4.5 2.3 

Pulse on time (µs) 3 3 3 15 15 15 3 15 3 9 

Pulse off time (µs) 2 2 2 2 2 10 10 10 10 2 

Mach. time (mins) 

(mins) 

156 77.2 57.5 34.3 62.6 36.7 515 74.9 248 49.1 

 

Gap voltage was set to 90V and tool electrode polarity was also set to positive to best 

represent a typical EDM set-up given a positive polarity is associated with lower 

electrode wear.  
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 Results 5.3

5.3.1 Conformity of machined slots 

All machined slots were cross-sectioned in order to confirm the internal shape 

matched the design intent based on tool electrode geometry. In one of the machining 

experiments, undercutting was observed. The deformity was only revealed when the 

slot was cross-sectioned, as the entry to the hole was not abnormal. This can be seen 

in Fig. 5.2, where a cross-section of the deformed hole is shown, showing recesses at 

the sides of the machined slot, in a symmetrical pattern about the centre line of the 

intended feature.  

 

Fig. 5.2 (a) Cross-section of deformed hole and (b) schematic of debris movement 
due to a reciprocation-induced vortex, resulting in the deformed hole due to 

excessive secondary discharge. 

Such a phenomenon occurring when machining deep holes has been observed before. 

Cetin et al. [158] discussed the formation of concaved walls during EDM of deep 

holes using linear motor jump flushing, and after experimentation and simulation 

concluded that the degree of wall concavity depends on the jump height – and more 

specifically that concavity and average machining side gap width become smaller 

with increasing jump height of the tool electrode. This is explained by the reduction in 

debris concentration when using a larger jump height. When jump height is too small, 

non-ejected debris particles are redistributed inside the gap and captured by the 



 

 

 

131 
 

induced vortex from the jump motion. A schematic of this phenomenon is presented 

in Fig. 5.2. The high concentration of debris particles induces a localised reduction in 

dielectric integrity resulting in favourable discharge paths and subsequent excessive 

secondary discharge, machining the sides of the holes. In these experiments reported 

in this thesis however, the jump height was unchanged for all experiments, yet this 

phenomenon was only observed in one operation. This suggests that the build-up of a 

critical amount of unejected debris, enough to begin machining the sides of the 

workpiece, may be a stochastic phenomenon and also dependent upon machining 

conditions. The creation and avoidance of such internal structures should be the 

subject of future work.  

All other machined holes exhibited normal machining characteristics, such as straight 

sides with slight convergence towards the bottom of the hole, as well as a rounded 

bottom. These characteristics are expected due to the enhanced wearing of the corners 

of the electrode. 

5.3.2 Discharge surfaces of tool electrode 

All tool electrodes used during machining were then inspected using optical 

microscopy. Two main electrode wear regions were observed. The darker regions at 

the end of the electrode as seen in Fig. 5.3 and Fig. 5.4 correspond to the main 

working area of the electrode. It is here where the majority of sparks occur during the 

machining operation. The nature of the lighter, non-working regions will be 

investigated in section 5.3.3 to explain their formation and material composition. This 

primary discharge area is observed to increase with discharge current, while it 

decreases with increasing on-time.  
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Fig. 5.3 Main discharge working area of tool electrode increasing with current a) 
2.3 A b) 3.4 A c) 4.5 A (On-time 3 µs, off-time 2 µs) 

 

Fig. 5.4 Main discharge working area of tool electrode decreasing with on-time a)  
3 µs b) 9 µs c) 15 µs (Current 2.3 A, off-time 2 µs) 

The distance from the end of the main discharge area (fringe) to the end of the worn 

electrode was measured at ten points and averaged to quantify how the main working 

area varies with on-time and current. The volume eroded from the electrode during 

machining was also evaluated in terms of change of length. As shown in Fig. 5.3 and 

Fig. 5.4 the main discharge region increases with current and decreases with on-time. 

The distance was also observed not to change with off-time.  
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Fig. 5.5 Average height of the main discharge region (a) increasing with Current 
and (b) decreasing with On-time. The distance between the lines represents the 

electrode wear. Error bars are the standard deviation of the distances measured 
to calculate the mean value. 

The distinct discharge fringe can be seen in Fig. 5.6. SEM images reveal the smooth 

surface to the left part of the image, with the rough primary wear surface to the right. 

This end section of the electrode is uneven since the copper matrix is preferentially 

removed due to its lower melting temperature. The surfaces can be differentiated from 

the unsparked surface given the characteristic flat surface after milling which displays 

the tungsten particles in the copper matrix.  

 

Fig. 5.6 Secondary electron image of discharge fringe on electrode 1 (2.3 A, 3 µs 

ON, 2 µs OFF). 
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A difference in the worn surfaces of some electrodes on one side as compared to the 

other was observed in some cases. This is assumed to be because of a slight tilt in 

sinking angle, causing preferential movement of ejected debris on one side of the 

electrode and significantly more sparking. This suggests that the primary working 

area of the electrode is significantly smaller than the total affected regions observed.  

5.3.3 EDX mapping of electrode surfaces 

To confirm the elemental composition of the electrode surfaces and any deposition on 

the working and non-working regions of the electrode, EDX analysis was used. The 

surface of the electrode used in test 1 was mapped using EDX to assess the amount of 

debris attachment in the different areas of the electrode. Electrode 1 was chosen to be 

analysed as the discharge fringe was well defined. The entire electrode was mapped, 

along with smaller regions from the end and middle of the electrode (see Fig. 5.7). 

The regions selected were chosen as they best reflected a typical worn W-Cu 

electrode surface (end), and a distinctive melted surface in the non-working region 

(middle). 
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Fig. 5.7 Large-area EDX map of cobalt (primary workpiece element) distribution 
on electrode (2.3 A, 3 µs ON, 2 µs OFF). There is significantly more workpiece 

deposition above the main discharge fringe. Sub-sections analysed quantitatively 
for Fig. 5.8 are highlighted. 

A higher concentration of workpiece material was present on the non-working regions 

of the electrode, as seen in Fig. 5.8. In the near surface regions in the middle section 

mapped, the EDS analysis shows there was more workpiece present than electrode 

elements. Additionally, the ratio of copper to tungsten increased from 20% to 50% 

from the end to the middle section, which could suggest preferential melting of copper 

from the end sections and its reattachment above the fringe.  
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Fig. 5.8 Cobalt distribution on middle and end sections of electrode by EDS. The 
locations mapped are defined in Fig. 5.7. There is significantly more deposition 

of workpiece in the middle section than the working end of the electrode.  

Levels of carbon are difficult to quantify using EDX because the C X-ray K line is of 

low energy and hence easily absorbed by surrounding material. Despite this, 

uniformity and trends can still be inferred from its measurement. Maps of the same 

regions analysed in Fig. 5.7 showed that carbon on the electrode is highly non-

uniform, preferentially forming on the copper-rich regions, both in the primary and 

secondary working regions of the electrodes, while tending to avoid the tungsten and 

workpiece-rich areas. This suggests that the deposited workpiece regions are distinct 

from the carbon-based black layer associated with discharge on-times longer than 20 

µs as reported by Kunieda and Kobayashi [40]. 

5.3.4 Electrode cross-section 

5.3.4.1 Electrode surface composition  

All electrodes were cross-sectioned and polished to reveal the workpiece deposition 

layer. A layer of between 1 µm and 3 µm thickness was observed with back-scattered 

electron (BSE) imaging on all samples. The layer is clearly darker than tungsten in 
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BSE mode but lighter than the copper matrix suggesting there is a significant amount 

of lighter elements in the layer, likely to be cobalt and chromium as deduced in the 

previous EDX analysis. This layer of darker contrast in optical imaging was only 

present in the middle section of the electrode and not below the fringe in the main 

working region.  

 

Fig. 5.9 Cross-sectional BSE images of a) virgin electrode, b) workpiece-rich 
deposited layer in middle of electrode, c) bonding of the workpiece-rich layer 
between tungsten particles and d) EDX map of the layer proving workpiece 

element attachment. 

The deposited layer also bonds between the tungsten particles. The tungsten in these 

regions shows no evidence of melting i.e. cracks or a distinguishable recast layer, 

suggesting low intensity melting. This suggests the primary discharge process was 

unlikely to be responsible for this layer, given the working-region of the electrode 

shows a highly melted and deformed topography. In order to prove that the layer 

observed in cross-section is mainly composed of elements from the workpiece, EDX 
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mapping was performed. Fig. 5.9 shows the layer is distinct from the tungsten-rich 

bulk and is dominated by cobalt and chromium. 

 

Fig. 5.10 Non cross-sectional BSE image of deposited layer on edge of electrode. 
The layer can be clearly seen as a deposit on top of the electrode beneath. 

Individual debris deposits can be seen on the face of the electrode. 

Fig. 5.10 shows the deposited layer on the edge of the electrode. Back-scattered 

electrons reveal where the workpiece deposits are as dark areas. The raised 

topography of the layer can be clearly seen compared with the unaffected base 

electrode around it. Given the area analysed is near to the (non-working) top of the 

electrode, it is worth noting that this section of the electrode has spent only a small 

amount of total machining time inside the machined slot being subject to low 

frequency sparks and debris. On the edges of the electrode this layer is only observed 

in these upper regions of fewer sparks and below this the surface is worn instead of 

grown. 
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Fig. 5.11 Cross-sectional BSE image (a) at the fringe, and (b) below the fringe. 
The recast layer on tungsten particles can be observed, with the lighter shades 

suggesting little or no workpiece deposition. 

The uneven primary discharge surface just below the fringe as seen in Fig. 5.6 can be 

observed in cross-section as shown in Fig. 5.11 (b). Back-scattered electrons show the 

recast regions on the tungsten particles, with the lighter shades indicative of tungsten 

dominance in this layer with little or no workpiece deposition as deduced by the EDX 

analysis. Cracks are characteristic of a typical EDM recast layer, and therefore 

suggest normal machining is taking place in these regions. A cross-section image at 

the discharge fringe (Fig. 5.11) shows the disappearance of the workpiece-rich layer 

and its flow between tunsgten particles below the fringe. A re-melted tungsten particle 

with a recast zone and crack can be seen to the right.  

5.3.4.2 Deposited layer thickness 

All electrodes after machining were cross-sectioned and polished to reveal if the layer 

was present with all machining parameters. This workpiece-rich layer was present 

across all experiments, although its thickness as well as its uniformity varied 

depending on machining parameters. All electrodes were imaged with BSE 
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microscopy and the thickness was measured using “ImageJ” image processing 

software. 36 total points at 15 µm intervals, across approximately 500 µm of each 

cross-sectioned surface were used to calculate the mean layer thickness as well as the 

standard deviation of the values used to calculate this thickness. 

 

Fig. 5.12 Average layer thickness above the discharge fringe showing an 
increasing trend with both current and on-time. Higher off-times produced a 

smaller layer on average. Error bars are the standard deviation of the 
measurements used to calculate the mean. 

Fig. 5.12 shows the trend of the mean layer thickness with both current and spark on-

time. Standard deviations are included in the graphs since they give a good 

representation of the variation of the thickness of this layer on each electrode. It was 

found that there was a general trend upwards for the layer thickness with both 

increasing spark current and on-time as expected. This is consistent with higher spark 

energy causing more extensive melting. With higher off-times the layer was also 

typically smaller. The standard deviations are significant since the upper values of 

these also have a clear trend upwards with current and on-time, showing the 

maximum layer thicknesses at any point observed on the electrodes using the highest 

currents and on-times was significantly higher than that observed for lower spark 

parameters. The general trend of the thickness of the deposited layer with discharge 

settings suggests that this deposited layer is likely a function of discharge energy, as 
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well as total number of discharges, given the generally lower thickness for higher 

discharge off-times. This trend is consistent with the relationship between EDM recast 

layers and discharge conditions measured elsewhere, for example by Newton et al. 

[59], whereby recast layer thickness on Inconel 718 increased with both discharge 

current and duration. 

5.3.4.3 Removal of tool electrode material 

 

Fig. 5.13 Evidence of wear mechanism of W-Cu due to preferential melting of 
copper and dislodging of tungsten particles. 

In the main discharge region, i.e. the region below the fringe there was evidence that 

dislodging of the tungsten occurred due to preferential melting of the copper matrix, 

as seen in Fig. 5.13. This is explained by the much lower melting point of copper.  
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Fig. 5.14 Deposition of tungsten particle in the workpiece surface. (3.4 A, 3 µs 
ON, 2 µs OFF). 

Deposition of tungsten from the tool electrode was observed in the workpiece surface. 

This supports the theory of total dislodging of tungsten particles due to preferential 

copper melting, since various deposits of whole tungsten particles were identified in 

one particular cross-section in the surface regions of the machined holes. EDX 

mapping was used to determine the elemental composition of these deposits. Fig. 5.14 

reveals a particle of tungsten embedded in the workpiece surface. Much of its original 

round shape as it is in the electrode matrix still remains with some remelting at the 

surface due to sparking once embedded, suggesting it was mostly removed and 

deposited as a semi-solid particle. The mechanism of lodging in the surface of the 

workpiece is difficult to investigate since the workpiece surface is subject to 

machining and so discharge craters can no longer be identified. Quantitative EDX 

analyses of the recast layer of the workpiece were also carried out and apart from 

carbon as has been reported by Cusanelli et al. [62] via Auger spectroscopy, there 

were no foreign elements present except for the mentioned whole tungsten particles. 

Since the tungsten appears embedded in the workpiece as a solid particle, it is thought 

that its attachment occurs during the melting of the nearby surface and therefore is 

most likely attached during spark duration. 
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5.3.5 Analysis of deposits and discharge craters 

To understand the attachment mechanism of workpiece material on the surface of the 

electrode, and electrode material onto the workpiece, micro-analysis of the discharge 

surface was required. Using secondary electron and back-scattered electron imaging 

of the electrode surfaces, the relationship between discharge craters and debris 

deposition could be understood. The distinctive gas bubble affected region has been 

reported upon elsewhere, for example by Schumacher [31]. This characteristic of 

discharge craters was used to isolate individual sparks on the electrode surface using 

secondary electron microscopy, and back-scattered electron microscopy was used to 

reveal the lighter workpiece elements as darker areas. EDX was used to prove the 

presence of certain elements. 

 

Fig. 5.15 Discharges on electrode (2.3 A, 3 µs ON, 10 µs OFF) viewed in a) SE 
mode and b) BSE mode. Back-scattered electrons reveal the workpiece elements 

migrated to the electrode.  

In the central areas of the electrode, away from the primary discharge regions, 

discharge affected areas appear to have positive topography. This is consistent with 

the observed debris deposition. This can be seen in Fig. 5.15, where deposition occurs 

in discharge regions, although in some highly melted regions no deposition is 

observed.  
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The workpiece-rich layer seen in cross-section which does not appear to affect the 

base material fits with low energy sparking in these regions and the deposition of 

ejected workpiece material. It is suggested that the presence of debris particles and the 

favourable discharge conditions as a result are the cause for low energy secondary 

sparking in the central regions of the electrode. The subsequent plasma channel 

causes the re-melting of ejected debris in the gap and its attachment to the electrode 

surface in the region onto which sparking occurs. Given the uniform layer in these 

secondary sparking regions and the unaffected base electrode material, it appears that 

deposition due to secondary discharge can compensate for melting of the base 

material. 

To prove that these discharge craters at the top of the electrode contain workpiece 

elements, as suggested by the BSE image, an EDX map of a single discharge crater 

was performed. Fig. 5.16 shows the dominance of workpiece elements in the melted 

region. It is also observed that small particle attachment does not occur on the melted 

region of the discharge, giving further evidence that deposition is caused by sparking 

and small particles are ejected from the melted region after discharge. 

 

Fig. 5.16 Quantitative elemental analysis of 3 regions of the discharge zone. 
Workpiece elements are highlighted in yellow. Highest workpiece concentration 

is in the discharge crater, with lower deposition in the gas bubble region. 

Quantitative elemental analysis with EDX of the discharge region as shown in Fig. 

5.16 reveals the workpiece-rich discharge crater. It can also be seen that debris is still 



 

 

 

145 
 

deposited in the gas bubble affected region, while no workpiece elements whatsoever 

were detected on the base material unaffected by discharge. This suggests attachment 

of debris does not occur randomly from the dielectric, but is dependent on the 

discharge process. Although the carbon levels cannot be accurately determined in this 

EDX analysis, it can be noted that after EDX analysis the level of carbon was also 

roughly doubled both in the region of the gas bubble and the plasma channel, 

compared to outside of the discharge regions. 

 

Fig. 5.17 Large deposit at top central region of electrode 6 (2.3A, 15 µs ON, 3 µs 
OFF). The round gas bubble-affected areas indicate two discharges occurred 

here. EDX maps indicate the deposit is workpiece rich. 

On electrode 7 (2.3 A, 15 µs ON, 3 µs OFF), preferential secondary sparking and 

deposition was observed on one side instead of the other. This was assumed to be 

because of a slight tilt of the electrode. Although difficult to differentiate explicitly 

between primary and secondary sparks, the phenomenon of electrode tilt and 

preferential debris movement was exploited and the side onto which little secondary 

sparking occurred allowed within good reason primary discharges to be isolated and 

imaged. In a region of low debris deposition and near the working edge of the 

electrode, two primary discharge craters can be observed (Fig. 5.18), appearing to be 

characterised by recesses and melting of the tungsten surface. Back-scattered 

electrons reveal no debris deposition occurred due to the discharge. Discharge craters 
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exhibiting significant melting of the tungsten, with no deposition can also be seen in 

Fig. 5.15. 

 

Fig. 5.18 Two overlapping primary discharge craters with no debris deposition 
viewed in a) BSE mode, with b) showing the location near the working region of 

the electrode. Melting of the tungsten-rich surface can be clearly seen.  

This is consistent with the lower workpiece deposition in the working region of the 

electrode observed in Fig. 5.8 and explains why workpiece elements are not 

distributed evenly across the electrode surfaces.  

 Discussion 5.4

5.4.1 Characteristics of the deposited layer 

Under the experimental conditions and materials used in this study, a uniform layer of 

tool electrode material could not be built up on the workpiece. This is thought to be 

because the rate of material removal is much greater than the rate of deposition. The 

observation of several whole tungsten particles in regions of the workpiece but with 

no copper present suggested that the rate of deposition of material was too low 

compared to the rate of removal of workpiece material during machining in order to 

leave a uniform layer. On all tool electrodes however; a uniform layer was produced, 

coating most of the regions of the electrodes which were submerged in the blind hole 

during machining.  
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Electrical discharge coating (EDC) has utilised the phenomenon of material 

deposition during electrical discharge processes to produce coatings. For example, 

Mohri et al. [159] produced a uniform TiC layer on a steel workpiece using opposite 

polarity conditions of a negative tool electrode. This layer was approximately 10 たm 

thick and therefore 4-5 times larger than the coating produced on the electrodes in this 

study, but shared a similar porous structure. Furutani et al. [44] were able to produce a 

much thicker TiC coating of 150 たm from powder suspended in the dielectric after 

experimentation revealed a negative electrode polarity was also more capable of 

producing the thickest coating on the positive polarity workpiece. Since other authors 

have established that positive polarity is preferred for the target coated electrode, this 

suggests that the positive tool electrode polarity used in this chapter’s study may have 

been necessary to observe the layer generation phenomenon, and that polarity may be 

a significant factor. Despite this, layer generation was occurring on the negative 

workpiece, although since a significant amount of machining was taking place in 

order to produce the deep cavity, the conditions under which material removal as 

opposed to material attachment occurs are not clear. 

In terms of understanding the conditions which result in net layer generation on a 

workpiece or tool electrode, further work should be conducted using powder 

suspended in the dielectric as well as powder sintered and normal alloy electrodes to 

establish when the replacement of machined material with a new layer effectively 

impedes machining progress, or conversely when layer generation on a tool electrode 

can potentially compensate for its wear. Mohri et al. [159] also observed that at some 

point during their electrical discharge coating experiments, layer generation was 

inhibited as machining rate took over the rate of deposition. No explanation was 

proposed for this considering the complicated phenomena in the discharge gap, 
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although it could be explained by alterations in flushing conditions and changes in 

electrical properties of the electrodes as their composition changed. 

5.4.2 Discharges and material attachment 

The aim of this study was to determine how individual discharges and deposition of 

material onto electrode or workpiece surfaces are related, from the analysis of 

individual discharge craters. Since the production and isolation of individual 

discharges using conventional EDM machines is not inherently possible, a solution 

was devised to increase the chance of isolating discharge spots on high-aspect ratio 

electrodes. The machining of high-aspect ratio holes also provided a large surface 

area for the build-up of a deposited layer. 

Under both optical and electron microscopy, the primary machining region of the 

electrodes could be seen as distinct from the upper regions, which was expected as the 

primary machining region should be only near the bottom of the electrode. Despite 

this, above the primary machining region, significant modification of the electrode 

surfaces occurred which was proved to be a coating of workpiece material. In the 

working region of the electrodes, workpiece attachment was still observed, although 

to a much lesser extent. This indicated that material attachment does not necessarily 

directly transfer to the opposite electrode during primary discharge. 

In regions on the sides of the electrodes where individual discharge craters could be 

isolated, using BSE microscopy and EDX analysis, it was observed that material was 

attached only in discrete regions, almost entirely in the centre of the discharge spot. In 

some regions of the main working area at the bottom of the electrodes, individual 

discharge affected spots could also be isolated. These spots were distinct from those 

identified in the non-working regions of the electrode, as material deposition was not 
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detected in such discharge spots. In cross-section, electrode material beneath the 

deposited layer appeared unaffected, with little evidence of melting, whereas at the 

ends of the electrodes, significant melting and deformation of the tungsten particles as 

well as removal of the copper matrix indicated that lower energy sparking, indicative 

of secondary sparking through polarised debris, may be the source of the deposited 

uniform layer in the upper regions of the electrodes. This was further evidence that 

material does not move directly from the workpiece to the opposite electrode during 

one single discharge, but it suggests that secondary discharges responsible for 

sparking in the non-machining regions of the electrode are the cause of melting of 

workpiece debris and attachment during discharge. The dependence of layer thickness 

on discharge parameters, however, is also evidence that the characteristics of each 

discharge have a strong influence on the volume of deposition per discharge. Mohri et 

al. [44] found that the thickest layer (150 µm) they could produce in the electrical 

discharge coating of titanium carbide was yielded under 3 A current, 2 µs on-time and 

1024 µs off-time. Despite this the trend between thickness and machining parameters 

was not presented. The schematic in Fig. 5.19 illustrates the concept of material 

movement between electrodes as suggested by the information gathered in this 

chapter.  
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Fig. 5.19 Schematic of process of material movement between electrodes 

The model for material attachment is that machined material which has been ejected 

from either electrode is not expected to attach unless it is remelted in the gap. This 

phenomenon is expected to occur due to discharges induced by the favourable 

discharge conditions due to the debris particle’s presence; this is known as secondary 

discharge. These secondary discharges cause the melting of debris which are in 

transit, by the plasma channel of the spark and subsequent fusion and reattachment 

into the discharge’s melt pool on the electrode surface, as opposed to material 

removal which occurs in the case of primary sparks. Since some of the energy of the 

spark will be consumed in the melting of the debris in the discharge gap, the effective 
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melting taking place at the electrodes will be reduced, explaining why a net deposition 

effect can occur instead of machining. Continued secondary discharges and the 

subsequent attachment of material into the spark’s discharge region results in the 

build-up of a workpiece-rich layer which is larger and present mostly in the non-

working regions of the electrode.  

The direction of movement of material during secondary discharging may be related 

to the proximity of the nearest electrode, and therefore the strength of electrostatic 

attraction between the polarised particle and the electrode. For example if a particle in 

random motion is nearest the positive electrode before secondary discharge occurs, it 

will become increasingly strongly attracted to it the closer it becomes, and as the 

particle becomes increasingly polarised to stronger electric field. The same 

phenomenon is expected near to the negative electrode. This will cause the settling of 

debris onto either electrode simply by electrostatic attraction, and secondary 

discharges then ignite through this path. Alternatively, debris particles in random 

motion in the discharge gap are melted by secondary discharge, then forces acting on 

the material in the plasma channel cause the motion of the molten material towards 

either electrode. 

Yang et al. [45] in their simulation work to understand the complex material removal 

mechanism in EDM, calculated that after each discharge, the first part of the removed 

material becomes debris in the gap, then the second part settles on the opposite 

electrode surface, and the final removed material settles back on the same electrode. 

Material in this simulation is ejected to random locations on both electrodes after 

discharge, and is not limited to solely the discharge spot as seen in the results in this 

chapter. In their work on electrical discharge coating using titanium powder 

suspension, Janmanee et al. [103] describe the mechanism of creation of a 
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contaminant layer on a workpiece as the capturing of metallic particles by the recast 

layer. Wang et al. [43] describe their method of creating a titanium carbide layer from 

a powder sintered electrode, as a chemical reaction between worn electrode material 

and carbon in the dielectric under high temperature, after which a ceramic layer can 

be built up under the correct parameters. These descriptions are not clear and 

somewhat contradictory, and have not been backed up with a fundamental study into 

the process. Despite a number of publications on the observed coating layer, as well 

as work regarding contamination in normal machining, there has been no study to link 

the process to fundamental discharge phenomena. This chapter adds clarity to the 

mechanism of material attachment, and its conclusions should be considered in further 

work regarding electrical discharge coating as well as machining which requires an 

absence of contamination. 

5.4.3 The role of secondary discharges 

In section 5.3.1 the phenomenon of vortex creation due to the jump motion of a 

reciprocating electrode was discussed. It has been observed that the creation of this 

vortex in deep hole machining can effectively inhibit the ejection of machined 

material from the machining area and trap large amounts of debris in the discharge 

gap at the sides of the electrode [158].  A clear example of this phenomenon occurred 

in one of the results in this study, as can be seen in Fig. 5.2. Such an extreme 

machining deformity indicates that a significant build-up of debris was occurring with 

the machine setup in this chapter’s work. It has been explained that such a 

phenomenon of deformed machining occurs due to secondary discharge caused by 

favourable discharge paths through the particles. Since it is clear therefore that 

significant secondary discharge is taking place during machining with this machine 

set-up, this is further support that secondary discharges themselves are responsible for 
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this build-up of a deposited layer on the electrode surfaces seen in this study. Luo [28] 

published work which suggested that debris in the discharge gap plays a positive role 

in any form of machining with EDM. In Luo’s model, debris particles both in the gap 

as well as settled on the electrode surface play a vital role in that they reduce the 

breakdown strength of the dielectric and supply of debris particles is necessary to 

achieve randomised and stable machining. Secondary discharges are therefore thought 

to represent a significant proportion of normal as well as abnormal sparking. This 

would suggest that deposition of material in either electrode caused by secondary 

discharge under stable machining conditions is an unavoidable side-effect of EDM. 

Further work and applications of this phenomenon could involve the deliberate 

suppression of flushing to promote gap conditions in which secondary discharges are 

extremely frequent, thereby increasing the effectiveness of the coating process 

 Conclusions 5.5

The results of this chapter have built upon the study performed in Chapter 4 to 

understand the material changes taking place at EDM’d surfaces during machining. 

From the perspective of surface contamination of electrode and workpiece surfaces, 

so far both attachment in the form of a layer as well as material deposition within the 

recast layer and not as a separate coating have been observed. This chapter has shown 

that material deposition is a two-stage process, where material ejected at the end of 

discharge on-time is resolidified in the discharge gap by a successive discharge, 

causing its fusion into the opposite electrode surface. A contaminated layer is 

therefore created by the gradual build-up of material through discrete concentrated 

deposits at the locations of discharge. The thickness of this layer increases with 

discharge current and on-time. This understanding is important for the avoidance, or 

deliberate deposition, of a contaminating layer during EDM.  
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The main conclusions drawn from this chapter are as follows: 

 Two wear surfaces were characterised on the EDM electrode face after 

machining of micro-slots: the primary wear region at the ends and sides of the 

electrode and a secondary wear region above this. The primary wear region is 

uneven with little workpiece deposition after machining. The area of primary 

sparking on the electrode increases with increasing current and decreases with 

on-time. Linear motor reciprocating action of the electrode therefore does not 

eliminate side sparking in deep slots, with every electrode showing evidence 

of secondary discharge. 

 A workpiece element-rich layer of between 1 µm and 3 µm thickness is 

observed on the electrode towards the non-working region of all electrodes. It 

is characterised by a high amount of workpiece material deposition and bonds 

between tungsten particles of a W-Cu based electrode. The base electrode 

beneath appears mostly unaffected from the machining process..  

 The average thickness of this layer increases with both current and on-time, 

yet is lower with higher off-times, suggesting layer thickness is a function of 

spark energy and total number of sparks. 

 Debris attachment to the electrode occurs in the central region of the discharge 

spots observed on the electrode, with a lower amount in the outer regions, and 

no deposition outside of these. A new model is therefore proposed for the 

movement of material to the opposite electrode during EDM, which suggests 

that attachment occurs due to re-melting by the plasma channel of debris 

previously ejected into the discharge gap. The secondary discharge 

phenomenon, also known as arcing [28, 160], which is sparking induced by 
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the presence of debris particles, is thought to be responsible for the melting of 

material settled on electrode surfaces or suspended in the dielectric. 

Attachment does not therefore occur randomly from the dielectric.  

This chapter has explained the phenomenon of surface contamination in EDM as 

observed in a single-crystal material in Chapter 4. Due to the complexity as well as 

rapidity of the discharge process, its mechanism has until now remained unexplained.  

A novel method of performing elemental analysis on discharge craters was used to 

reveal the process. 
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 Pulsed electron beam surface treatment of the 6
EDM surface 

 Introduction 6.1

The aim of this chapter is to improve the properties of the EDM surface using a novel 

surface treatment technique – pulsed electron beam irradiation. Specifically, its effect 

on surface roughness, surface crack density and recast layer thickness are analysed. 

The metallurgical changes occurring at the surface as a result of the surface 

modification process are also assessed. 

EDM is known to have a detrimental effect on fatigue life of a machined material 

compared to the raw material. This is because the recast layer remaining on the 

workpiece contains cracks which propagate under high and cyclic stresses due to their 

stress concentration effect [161], along with high roughness and tensile residual 

stresses. Premature fatigue failure will occur before failure predicted by the 

properties, as well as geometry, of the raw material. The layer is often harder and 

more brittle than the bulk material due to rapid quenching and for example the 

formation of martensite in steels, a phase formed by rapid, diffusionless 

transformation, whose heterogeneous needle structure results in brittle properties. For 

these reasons the recast layer is often deliberately completely removed after 

machining from components which will be subject to high stresses or cyclic loads. 

For critical components used in highly stressed environments, for example in 

aerospace engines, the degradation as a result of the recast layer is pronounced. The 

size of the recast layer, and therefore the extent of its negative properties, also tends to 

increase with the use of parameters associated with faster machining rates. 
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The removal of the recast layer is an additional process step in the manufacturing 

chain. Its removal also results in a dimensional loss dependent on the size of the layer, 

undermining the accuracy of the EDM process. Preferable to this, is the 

transformation of the EDM recast layer into one with desirable properties, while the 

component still possesses the intended dimensions. In this chapter a surface treatment 

process is investigated for its potential to improve the properties of the EDM recast 

layer without its removal. 

Pulsed electron beam irradiation is a surface modification process capable of 

remelting the surfaces of materials over a large area. In this respect the process can 

invoke changes which are consistent over the entire area of a workpiece. The process 

is known to reduce the Rz roughness of EDM’d surfaces, and has been shown to 

achieve this smoothing effect at very high tilt angles [105]. In this study the effect of 

the irradiation process on crack proliferation and surface morphology of the EDM 

surface is investigated. The metallurgical changes arising in the remelted surface as a 

result are also studied. Since rapid cooling rates are expected after surface melting by 

the irradiation process (108-109 K/s have been theorised for this process [162]), novel 

metallurgical changes such as the formation of nanostructures are also expected. TEM 

analysis is therefore used in this chapter to identify phases and characterise these 

structures. 

 Methodology and experimental setup 6.2

6.2.1 Research methodology 

Given the aim of the chapter is to investigate the effect of pulsed electron beam 

surface treatment on the common negative properties of surfaces cut by EDM; such as 

surface cracking and surface roughness, EDM parameters firstly needed to be 
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established which are representative of typical machining setups and which resulted in 

surfaces with an exaggerated number of cracks, and exhibited typically rough 

morphologies. In this study, the most widely used stainless steel; 304, a stainless steel 

used at higher temperatures with superior corrosion resistance; 310, as well as a 

common superalloy used as a structural material in gas turbine engines; Inconel 718, 

were subject to EDM trials. It was important that the material chosen for this 

investigation was representative of a range of commonly used engineering materials 

which may be cut by EDM, so that the results of the investigation are relevant to 

industrial users. 

Preliminary electron beam irradiation testing was then conducted on the surfaces of 

all three materials exhibiting significant cracking after EDM. Tests were undertaken 

using 30, 35 and 40 kV cathode voltage with 20 shots each. Previous experimentation 

on a range of materials, for example on Al-Si alloy [122] revealed that between 30 

and 36 kV invoked substantial modification of the metal surface. Therefore in these 

preliminary tests between 30 kV and the maximum of 40 kV were used to observe 

any change in crack density and surface morphology on EDM’d surfaces. On the 

sample exhibiting the most significant reduction in crack density and surface 

asperities, a detailed investigation of the influence of irradiation parameters on crack 

density was then conducted, varying both number of irradiation shots and cathode 

voltage. Surface roughness was also assessed against these parameters. 

Cross-sectional analysis of the treated surfaces was then performed in order to 

establish the mechanism behind crack repair observed on the surface, as well as 

determine the dependence of remelted layer thickness on irradiation parameters.  
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Transmission electron microscopy was then performed on a lamella prepared from the 

sample with completely repaired cracks, in order to characterise the effects of the 

irradiation process. XRD and GAXRD analysis were also performed on treated and 

non-treated surfaces to confirm phases identified in the TEM analysis, as well as 

determine if the phases detected were commonplace. 

6.2.2 Parameter selection and equipment  

Recast layer thickness is dependent on the ‘pulse on-time’ EDM parameter [59]. On-

time is the duration for which current is flowing between the electrodes and melting 

of the workpiece takes place. For this experiment two on-times were chosen to induce 

two surfaces with differing recast layer thicknesses as well as surface characteristics 

such as crack frequency. The two EDM surfaces were subject to electron beam 

irradiation using a Sodick PF32A EBM under a varying numbers of shots and cathode 

voltages which determine the total energy delivered per pulse. A square copper 

electrode of cross-section 6 x 6 mm area was sunk 500 µm into the workpiece. Fig. 

6.1 gives a schematic of this operation.  
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Fig. 6.1 Schematic of machined shallow slot as performed in each EDM 
operation.  

X-ray diffraction was performed using a Bruker AXS “D8 Advance” diffractometer, 

producing Cu k-alpha monochromatic radiation. For standard XRD, the 

diffractometer was rotated from 40° to 100° with a step value of 0.04° and a step time 

of 2s. For glancing angle, the same 2 theta values, 40° to 100°, were used, but with a 

step value of 0.02° and a dwell time of 8s at each step. Microscopy was performed 

with a Hitachi S-2600 scanning electron microscope. Roughness was measured using 

a Fogale nanotech “Photomap 3D” white-light interferometer (WLI). Two parameters 

were used for assessing surface roughness; Sa and Sz. The Sa parameter is the 

arithmetic mean of the absolute values of the surface departures from the mean plane. 

This was chosen given the formation of craters was expected on surfaces treated with 

pulsed electrons, and therefore a linear Ra parameter may not best represent the 

surface characteristics. Sz is the ten point average of the five highest peaks and five 

deepest valleys, and was investigated since the presence of peaks and troughs on the 

surface is particularly detrimental to the fatigue behaviour of the part. For the 

identification and quantification of cracks on the surface and crack density, 4 back-

scattered electron images were taken of the surface of every sample at a working 

distance of 30.3 mm and a magnification of 250x. This converts to a total area of 3.15 
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mm2 of the surface of each sample evaluated for crack density. BSE mode was chosen 

for the high contrast produced between surface and crack. Images were then further 

analysed in “ImageJ” image processing software. Cracks of each image were then 

manually traced in the ImageJ software and the length of each individual crack was 

measured. This method was preferred to a thresholding method, since only the length 

of cracks was of interest and automatic thresholding algorithms could not sufficiently 

differentiate length from area.  

A Sodick AP1L micro die-sink EDM machine was used to machine the initial shallow 

slots and induce a typical recast surface on the samples. A kerosene dielectric and 

positive electrode polarity were used to best represent a typical micro-EDM setup. 

Positive electrode polarity is usually associated with minimal electrode wear 

especially with copper electrodes due to carbon adhesion onto the electrode from 

cracking of the hydrocarbon dielectric [13], based on this the polarity was set only to 

positive. Observations made prior to this work also noted that on-times of 5 µs and 30 

µs produced noticeably different surface characteristics, such as frequency of surface 

cracks and so these parameters along with a current of 4.5 A were chosen to represent 

typical micro-EDM parameters as well as induce different surface characteristics, 

such as recast layer thickness, roughness and crack proliferation. The EDM 

parameters are shown in Table 7. 

Table 7 EDM parameters 

Electrode 

polarity 

On-time 

(µs) 

Off-time 

(µs) 

Main 

current (A) 

Gap 

voltage (V) 

Capacitance 

+ 5, 30 3 4.5 90 Stray 
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Preliminary trials were conducted to establish a process window which would best 

represent the range of capabilities of the EB irradiation process. Roughness and 

surface morphology were evaluated and 15, 25 and 35 kV cathode voltages were used 

with between 1 and 20 shots for each. It was observed in previous tests that shot 

numbers beyond 20 tended to have little further influence on the surface morphology 

of the sample, while 1 shot usually showed change to the surface. Similarly, between 

35 kV and the maximum possible cathode voltage of 40 kV there was little change in 

the influence of this parameter, while 15 kV was established as a minimum value 

required for noticeably changing the surface of metal samples. The chosen range of 

parameters for this study is presented in Table 8. 12 different electron beam settings 

were used to investigate the effect of both the acceleration voltage and number of 

shots on the EDM’d surface. The EDM operation was therefore performed 26 times to 

prepare samples for EB irradiation; 13 times for each EDM pulse on-time setting, one 

of which was a control. This number of samples was used as it allowed a large range 

of EB parameters to be investigated. 

Table 8 Pulsed electron beam irradiation parameters 

Cathode 

voltage (kV) 

Number of 

shots 

Anode 

voltage 

Solenoid voltage 

(kV) 

Argon 

pressure (Pa) 

15, 25, 35 1, 5, 10, 20 5 1.5 0.05 

 

6.2.3 Lamella preparation and TEM 

Focused Ion Beam (FIB) milling using an FEI Quanta 200 3D FIBSEM was 

performed to prepare two lamellae from the irradiated surface. Preparation of one 

lamella with sufficient depth into the sample as well as with sufficient thinness proved 
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difficult as thinning of a large area of the lamella inevitably resulted in damage to the 

topmost edge of the lamella. For this reason, two lamellae were prepared, one with 

approximately 100 nm thickness, with a depth of 3 µm into the sample, the second 

slightly thicker and of a depth into the sample between 1 and 6.5 µm. TEM was 

performed with a JEOL 2100F at 200kV using both Bright field (BF) and Dark Field 

(DF) imaging.  

 Results 6.3

6.3.1 Surface characteristics after EDM and pulsed electron beam 
irradiation  

Machining of 304 stainless steel, 310 stainless steel and Inconel 718 using EDM with 

4.5 A discharge current and 30 µs on-time, yielded surfaces containing cracks on all 

materials. The surfaces were then subject to pulsed electron beam irradiation with 20 

shots at 30, 35 and 40 kV cathode voltage. Secondary electron images of these three 

materials after EDM and irradiation are shown in Fig. 6.2.  
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Fig. 6.2 Steel and Inconel surface characteristics for various irradiation 
parameters. Cracks on the EDM’d only surfaces are labelled. 

Under this range of preliminary parameters, 310 steel obtained a crack free surface 

after 20 shots at both 30 and 35 kV cathode voltage. After 20 shots under higher 

cathode voltage of 40 kV, the same material displayed a mostly crack free surface, 

although a few cracks had reemerged. The 304 steel behaved quite differently to the 

310, with a reduction in surface cracking only occurring in small areas on the surface 

after 20 shots at 35 kV and at 40 kV. The cracks present on the surface of Inconel 718 

showed some evidence of repair through melting, however the majority of the cracks 

were still present after irradiation at 30, 35 and 40 kV.  
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Since 310 steel under these parameters displayed more susceptibility to crack repair 

and after 20 shots at 35 kV produced a completely crack free surface, surface 

treatment of this material was investigated in more detail.  

EDM of the 310 steel with two different on-time parameters produced, as expected, 

different surface characteristics. The higher energy sparks caused by the 30 µs on-

time parameter produced a crack dominated surface with higher Sa and Sz roughness 

values. Fig. 6.3 shows the different surface characteristics of the EDM’d surface 

caused by the on-time of 30 µs compared to that of 5 µs, 

 

Fig. 6.3 Secondary electron images of EDM’d surface of 310 steel using on-times 
of (a) 5 µs, magnified in (c) and (b) 30 µs, magnified in (d). Magnified regions are 
highlighted. Surface cracks induced using EDM with 30 µs on-time can be seen 

in (d). 

The different surface characteristics between the two surfaces are caused by the lower 

total number of sparks used to machine the same volume with the 30 µs parameter. 
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Fig. 6.3 (c) and (d) compare surface features of both initial surfaces. 5 µs on-time 

results in a surface with a higher frequency of micro-features but appears to have no, 

or very few cracks. The 30 µs on-time produced a surface with significant cracking 

caused by more aggressive machining conditions. The 30 µs machined samples are 

therefore useful for the assessment of crack repair by the electron irradiation process 

and surfaces machined using this EDM parameter are used throughout the rest of this 

chapter. 

6.3.2 Crack proliferation and crater formation 

A factorial design of experiments incorporating three cathode voltages and four 

different numbers of irradiation shots was used to establish the dependence of crack 

density and crack length on these two key parameters. 15 kV is the lowest cathode 

voltage setting at which electron beam generation can occur, while a small amount of 

surface modification of metals is still expected to take place under this setting. 25 kV 

was chosen as a medium acceleration voltage, and 35 kV was set as the maximum in 

this study, given the crack free surface produced under preliminary experiments with 

35 kV, and crack re-emergence seen at the higher 40 kV setting. Irradiation 

parameters are shown in Table 8. 

Two properties of crack proliferation (density of cracks and mean crack length) of the 

EDM’d surfaces were observed and measured after electron beam irradiation. The 

dependence of these properties on irradiation parameters is shown in Fig. 6.4. 
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Fig. 6.4 Variation of (a) crack density and (b) mean crack length with cathode 
voltage and number of shots. Error bars are the standard deviation of the data 

used to calculate the mean crack density and crack length. 

Fig. 6.4 (a) shows the influence of EB cathode voltage and the number of shots on the 

crack density at the surface. To evaluate crack proliferation at the surface, this crack 

density parameter was used as a metric by measuring the total length of cracks 

divided by the total area over which cracks were measured (3.15 mm2 from images 

taken at an SEM magnification of 250x). Notable is the capability of the irradiation 

process to both decrease and increase crack density at the surface. After 1 shot at the 

lowest acceleration voltage, considering the error bars the crack density was 

unchanged, and then only worsened after further shots. After 10 shots at 15kV some 

crack resealing was visible. This mechanism is further investigated in 6.3.3. It is 

thought that this resealing effect at this parameter was sufficient enough to 

compensate for the further cracks created/revealed by the irradiation process, 

explaining why crack density returns to a similar value to that of the untreated sample. 

At 20 shots crack density is again worsened to more than double that of the control 

sample. The increased crack density caused by this parameter can be seen in the back-

scattered electron images in Fig. 6.5.  
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Fig. 6.5 (a) EDM’d surfaces subject to (b) increased cracked density (c) reduced 
number of cracks and (d) elimination of all surface cracks. Images taken in BSE 

mode. 

In Fig. 6.5, the increased crack density as a result of 20 shots at 15 kV cathode voltage 

can be clearly seen. With 25 kV, 20 shots resulted in complete elimination of surface 

cracks, although with only 10 shots, a five-fold reduction in surface crack density was 

still produced, and this can be seen Fig. 6.5 (c). 10 shots at 35 kV also yielded a 

surface with a significantly reduced density of surface cracks. 20 shots at both 25 kV 

and 35 kV produced a crack-free surface based on surface imaging, as seen in Fig. 

6.5. 

Although crack density was measured via the total length of cracks per area, and this 

showed a clear trend downwards with the highest acceleration voltage, this did not 

take into account the length of the cracks themselves. Fig. 6.4 (b) plots the mean crack 

length for each surface against the number of shots and cathode voltage. The most 

noticeable discrepancy between the results for crack density and mean crack length is 
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that for the highest cathode voltage of 35 kV. Despite a decrease in total crack length 

with number of shots, the average length of cracks is increased up to 10 shots, and 

then at 20 shots they are eliminated completely. Again with 25 kV and 35 kV cathode 

voltage, after 1 then 5 shots of each, mean crack length is reduced then increased. 

This is explained by the partial crack healing occurring after 1 shot and the division 

into shorter cracks, then the elimination of this sealing effect after continued shots.  

 

Fig. 6.6 (a) Formation of craters and (b) resealing of cracks by 10 shots at 25kV, 
(c) elimination of cracks and (d) typical crater by 20 shots at 35kV. 

Craters were observed on all surfaces treated with 25 kV and 35 kV with 10 or 20 

shots. The morphology of craters produced under 10 shots at 25 kV and 20 at 35 kV 

can be seen in Fig. 6.6. With 10 shots at 25 kV cathode voltage, obvious craters were 

more frequent, whereas with 20 shots at 35 kV, craters are generally less prominent, 

suggesting the continued melting at higher acceleration voltages causes their melting 

into the rest of the surface. On surfaces where cracks were not fully eliminated, and 
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craters had formed, no cracks were present in the location of the craters themselves. 

Suggesting more extensive melting had occurred in these regions compared with the 

rest of the surface. 

6.3.3 Crack elimination and mechanism of crack repair 

The surfaces subject to irradiation which were not completely healed of cracks were 

inspected in more detail to determine the mechanism by which crack repair takes 

place. The use of lowest cathode voltage irradiation and few shots was of particular 

interest in this study as it exposed the physical mechanism of crack repair and 

explains the trends in crack reduction and ultimately the elimination of cracks as 

shown for surfaces subject to 20 shots at 35 kV.  

 

Fig. 6.7 Surface image of resealing mechanism of EDM surface cracks by 
electron beam irradiation at low voltage (15 kV and 5 shots) 

Under the lowest irradiation cathode voltage of 15 kV and with 5 and 10 shots, a 

distinctive partial crack resealing effect was observed and is shown in Fig. 6.7. Such 

features seen in Fig. 6.7 were present in the locations of cracks on the entire surface of 

samples treated with 15 kV and 5 or 10 shots. The circular nature of the seal suggests 

flow occurred across the crack when the surface was molten then upon contraction 
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due to quenching, some joined parts remained. If the joined regions solidified more 

rapidly than the other regions of the crack, the rate of cooling would be expected to be 

lower the further away from these points, explaining the greater extent of contraction 

and volume reduction between the joins. Since volume of the material around the 

cracks must be conserved and material is not added by this process, if sealing of a 

crack occurs, there must be an equal extent of widening of the crack.  

In cross-section the same phenomenon can also be observed. The sample seen in Fig. 

6.7 was cross-sectioned to reveal the crack repair mechanism beneath the surface. The 

same was etched to reveal the three distinct sections; the EB remelted layer, the 

remaining EDM recast layer and the underlying bulk. Two cracks subject to partial 

resealing can be seen. The penetration of the unaffected regions of the cracks into the 

remaining EDM recast layer can also be seen. In cross-section, the resealing effect is 

clear, with a thin region at the top surface joining the sides of the cracks, and 

expansion of the cracks themselves inside the remelted layer.  
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Fig. 6.8 Crack repair mechanism in cross-section, using low cathode voltage of 15 
kV and 10 shots 

After further irradiation shots (20) at 15kV, there was no evidence of the sealing 

effect suggesting that the continued irradiation of the seals at this cathode voltage 

caused their removal, thus exposing the cracks again. This may suggest a volume loss 

from the top surface. The mechanism of the crack repair process is discussed in 

section 6.4.1. 

6.3.4 Surface roughness 

Surface roughness was assessed to quantify the change in surface characteristics. Both 

the surface machined with 5 µs on-time with no visible surface cracks, as well as the 

crack dominated 30 µs machined surface were measured before and after irradiation. 

The surface roughness of each machined slot was measured before and after electron 

beam irradiation, three times for each measurement, using WLI over an area of 633 

µm by 475 µm.  
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Table 9 Key improvements to Sa and Sz surface roughness of both machined 
surfaces under electron irradiation 

 
5 µs on-time machined 

surfaces 
30 µs on-time machined 

surfaces 

 Sa (µm) Sz (µm) Sa (µm) Sz (µm) 

Pre-irradiation 
mean 

2.09 19.5 3.06 28.7 

Irradiated by 20 
shots at 35 kV 

0.95 9.53 0.89 6.99 

 

Table 9 presents the key improvements to surface roughness parameters at the 

electron beam setting of 20 shots at 35 kV, shown previously to yield a crack free 

surface. The machining process using 5 µs discharge on-time resulted in a surface 

with both Sa and Sz roughness values approximately one third lower than that of the 

30 µs on-time parameter. This is expected given the lower energy per spark, but larger 

total number of sparks used to machine the surface, resulting in smaller discharge 

craters, and therefore lower average profile height (Sa) and lower peak height (Sz). 

The comparison between these surface features can be seen clearly in Fig. 6.3 (a) and 

(b), where the 5 µs yielded a surface with a higher frequency of peaks and troughs. 

After irradiation using the highest settings in this study, 20 shots at 35 kV, 

interestingly the previously rougher 30 µs surface was smoothed to a lower roughness 

in terms of both Sa and Sz compared to irradiation of the 5 µs surface. 
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Fig. 6.9 Variation of Sa roughness after EB irradiation using average roughness 
values. Error bars represent the standard deviation of the three measurements 

used to produce each value.  

As plotted in Fig. 6.9 the EDM’d surfaces with pre-irradiation average Sa roughness 

of 2.09 µm and 3.06 µm can both be reduced to below 1 µm with 35 kV cathode 

voltage and 20 shots. At 25 kV, the roughness showed a similar trend although the 

same smoothness could not be reached. The lowest possible roughness with 

irradiation at 25kV cathode voltage also seemed to be dependent on the initial 

roughness of the samples, given Sa values didn’t reach below 2 µm for the 30 µs on-

time sample, yet approached 1 µm for the 5 µs on-time sample. With 35kV however, 

after 20 shots the roughness of both surfaces was reduced to similar Sa values of 0.95 

µm and 0.89 µm for the 5 µs and 30 µs on-time samples respectively. 35 kV cathode 

voltage was therefore more effective for treating rougher surfaces compared to 25kV. 

With 15 kV cathode voltage, despite the change in surface crack density measured in 

section 6.3.2, no significant change in surface roughness was seen. This indicates that 

the surface melting occurring due to irradiation at 15 kV is sufficient only to melt 

crack tips, and not asperities on the remaining surface. It is clear that the surface 

finish produced by pulsed electron irradiation was highly dependent upon surface 

condition at the beginning. 
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Fig. 6.10  Typical as-machined surface profiles after EDM with (a) 5 µs and (b) 
30 µs, (c) shows the 30 µs surface irradiated with 35 kV cathode voltage and 20 

shots. All profiles set to the same scale. 

Although useful for determining trends, since Sa and Sz roughness values provide 

only limited information on the surface characteristics, surface profiles were also 

obtained. Fig. 6.10 gives example profiles of both initial machined surfaces and a 

smoothed machined surface after pulsed electron beam irradiation. The 5 µs machined 

surface has a higher frequency, as well as smaller amplitude of peaks and troughs, 

compared to the 30 µs machined surface. The maximum peak height was substantially 

reduced after irradiation, as was also shown by the reduction of the Sz parameter of 

the 30 µs on-time samples from 28.7 µm mean to 6.99 µm with 20 shots at highest 

voltage. In Fig. 6.10 (c) it can be seen the typical EDM’d surface profile is completely 

changed and much smaller peaks and troughs remain. 

6.3.5 Cross-sectional analysis 

Although it has been determined that a crack-free surface based on surface 

observation can be produced on 310 steel using pulsed electron beam irradiation, the 

depth of the repair process for parameters which result in this effect is not known, and 

the dependence of the depth of the crack repair process on irradiation parameters is 

also not understood. In this section, to determine the thickness of the remelted layer, 
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and the depth of the resealing effect induced by irradiation, all 310 steel samples 

machined with both on-time parameters were cross-sectioned and etched. After 

etching, the new remelted layer is distinct from any remaining EDM recast layer and 

the bulk microstructure, due to differential melting rates. The thickness of the layer on 

each sample was measured using SEM images at 36 points across the whole length of 

the samples. The results are presented in Fig. 6.11 along with cross-sectional SEM 

images. 

 

Fig. 6.11 Mean thickness of EB remelted layer against cathode voltage and 
number of shots. Error bars are one standard deviation of the 36 data points 

used to calculate the mean value. 

Between the bulk material and the top surface, there are three distinct layers: the 

homogenous, high contrast EB remelted layer nearest the surface; the remaining EDM 

recast layer still containing cracks; and a layer exhibiting dark contrast between these 

which is likely a heat-affected zone induced by the EB melted layer above it. For the 

results in Fig. 6.11 the homogenous top layer was used for measurements of remelted 

layer thickness, given cracks were clearly affected in this region. Based on the results 
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in Fig. 6.11, the thickness of the remelted layer is highly dependent on cathode 

voltage, with a maximum thickness of 4.5 µm achieved using 10 shots at 35kV. Under 

10 and 20 shots at 15 kV and 25 kV, cathode voltage had very little influence on layer 

thickness, although with 5 shots, 25 kV produced a 2.5 µm thick layer, while 15 kV 

yielded only a 1.0 µm thick layer. 

Thickness of the remelted layer showed some dependence on number of irradiation 

shots. For example for both 25 kV and 35 kV, there was an increase in thickness from 

1 to 5 shots for both EDM parameters. In comparison with the roughness results in 

Fig. 6.9, in both cases the roughness was unchanged after 1 shot but notably reduced 

after 5, suggesting initial roughness may be a limiting factor in the thickness of the 

newly remelted layer. It is also noteworthy that there was a significant drop in 

thickness after irradiation by 10 shots compared to 5 shots at 25 kV. This may be 

explained by the evaporation of surface material after continued irradiation. This drop 

in thickness is also seen for all voltages after 20 shots compared to 10.  

Interestingly, the layer thickness was clearly dependent on the initial EDM machining 

conditions. Although samples of both EDM on-time parameters exhibited the same 

general trend of layer thickness dependent on cathode voltage, its thickness at each 

parameter was generally slightly larger for the 30 µs EDM parameter. This disparity 

was greatest for the highest cathode voltage of 35 kV, as well as for 5 shots at 25 kV - 

conditions under which the thickness of the EB remelted layer was greatest. 
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Fig. 6.12 Cross-sectioned and etched optical images of 310 stainless steel (a) 
surface subject to EDM at 30 µs on-time, (b) surface irradiated by 20 shots at 

35kV and (c) SEM image of cross-section. 
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Fig. 6.12 (b) and (c) show cross-sectional optical and SEM images respectively of the 

uniform remelted layer of the sample subject to 20 shots at a 35 kV cathode voltage. 

These can be compared to the EDM’d only surface in (a) which exhibited a variation 

in thickness. This is explained by the randomness of spark location which occurs in 

EDM, combined with the principle of sparks taking place only one at a time, resulting 

in an uneven recast layer which is dependent on spark frequency and discharge 

parameters.  

Porosity was also seen in the EDM’d recast layer not subject to pulsed electron beam 

irradiation (Fig. 6.12 (a)). This phenomenon is known to occur in EDM due to the 

embedding of gas bubbles the surface of the workpiece before solidification of the 

melted layer. The prevalence of porosity at the sub-micron scale was also revealed in 

Chapter 4. Under SEM imaging, the remelted layer produced by pulsed electron beam 

irradiation showed no indication of porosity, and was entirely homogenous in all 

images. However, this does not take into account sub-micron scale porosity invisible 

to SEM imaging. 

Fig. 6.12 (c) shows the remelted layer at a particularly thick section of EDM recast 

layer. After irradiation no cracks were observed in the EB remelted layer itself at this 

cathode voltage and number of shots. However, it should be noted that although much 

of the layer is remelted with a smooth surface, a small crack remaining in the 

unmelted EDM recast layer, terminating at the bulk can be seen. This was one of only 

few examples of cracks observed to remain in cross-section. It is logical that with 

increasing depth of penetration with increased voltages as presented in Fig. 6.11, 

continued development of the irradiation process will permit larger thicknesses of 

EDM recast layers to be entirely remelted, and cracks spanning the whole depth of the 
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layer would be eliminated. However, there must be a fundamental limit related to the 

penetration depth of electrons. Despite the microstructure of the bulk material being 

clearly visible, it is not possible to resolve any microstructure in the remelted layer 

under optical or scanning electron microscopy. No discernible difference in 

microstructure just below the remelted layer compared to the bulk was observed. This 

suggests any heating beyond the visibly remelted layer is not sufficient to cause any 

microstructural change in this material. 

Determining the homogeneity of the remelted layer in terms of crack repair and 

porosity is limited by the resolution of SEM imaging. TEM analysis was therefore 

also required to confirm the cross-sectional morphology of the layer at the sub-micron 

scale. 

6.3.6 TEM analysis of grain size and grain orientation 

Results presented thus far have demonstrated the crack repair phenomenon and the 

ability of the pulsed electron beam irradiation process to produce a crack free layer 

with reduced surface roughness. However, the metallurgical changes accompanying 

these morphological improvements have not yet been presented. TEM analysis was 

therefore conducted to determine the exact metallurgical structures present in the 

crack-free surface layer. 

Two lamellae were prepared to cover the entire depth of the remelted layer, the near-

surface lamella was first analysed using TEM in order to determine the grain size, 

grain orientation as well as depths of sub-layers associated with the phase 

transformations induced by the pulsed electron beam irradiation process. Fig. 6.13 

shows bright-field and dark-field TEM cross-sectional images of the irradiated sample 

from the surface to a depth of 3 µm.  
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Fig. 6.13 Bright-field and dark-field TEM images of a cross-section from the 
surface to 3 µm depth. SAED patterns expose random orientation close to the 

surface, and a single orientation beneath this. The interface between these 
regions is clearly exposed in DF mode. 

A graded grain structure can be seen upon initial observation of the both the BF and 

DF images, with the finest grain sizes existing at the top surface, and increasing in 

size until approximately 2.0 µm depth. Selected-area diffraction patterns (SAED) 

patterns accompany the images in Fig. 6.13 to reveal a fine polycrystalline structure. 

The ringed pattern in which individual rings can be clearly distinguished indicates a 

polycrystalline structure with no preferential orientation. In the dark-field image, this 

structure can be observed particularly clearly as the image is composed of a fine 

mixture of dark contrast and light contrast regions, suggesting a random distribution 

of orientations of grains. This polycrystalline structure is maintained between the top 

surface and approximately 1 µm depth. In the TEM images, between 1 and 2 µm 

depth, grains are noticeably coarser. A randomised grain structure in terms of 

orientation is also still indicated by SAED patterns, however the polycrystalline rings 

are composed of fewer individual spots compared to the patterns at the very top 
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surface, meaning fewer grains are contributing to the whole pattern over the same 

total area comprising the pattern, suggesting a larger grain size.  

To quantify grain sizes within the two randomly oriented polycrystalline regions; 

between 0 and 1 µm, and between 1 and 2 µm depth, the diameters of 100 individual 

grains were measured in each region and were plotted, as shown in Fig. 6.14. 

 

Fig. 6.14 Histogram plots of grain sizes between the surface and 1 µm depth, and 
between 1 and 2 µm depth 

Within the first 1 µm depth, the modal (most frequent) grain size was between 15 and 

20 nm. This can be compared with the region between 1 and 2 µm depth, in which the 

modal grain size was between 25 and 30 nm. Interestingly, the finest grain sizes of 

between 5 and 10 nm were seen in both regions, although this size range was three 

times more frequent in the top region of the lamella. The largest grain size observed in 

the top region was 43 nm, whereas a single 145 nm grain was seen in the deeper 

region. The median grain size between 0 and 1 µm depth was 18 nm, and the mean 
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value was 19 nm. Between 1 and 2 µm depth, the median value was 42 nm, with a 

mean of 46 nm. 

Despite larger grain sizes only being observed in the region between 1 and 2 µm 

depth, the finest grain sizes of between 6 and 10 nm (6 nm was the smallest grain size 

measured) were seen in both the near surface region and as deep as 2 µm.  

 

Fig. 6.15 Bright-field image and associated SAED pattern of columnar grains 
with single preferential orientation between 2 and 3 µm beneath the top surface 

After the regions of the cross-section between 0 and 2 µm depth, a single-orientation 

region was observed. This is shown particularly clearly in the DF image in Fig. 6.13, 

where a sudden change from the randomly oriented polycrystalline region can be 

seen. The single orientation region is the uniform, dark contrast region, beneath the 

polycrystalline region in the dark field image, beginning at between 1.8 and 2.0 µm 

depth, and extending until the end of this sample, at 3.0 µm depth. In Fig. 6.15 a 

higher magnification image of this single-orientation region can be seen. Columnar 

grains between 50 and 100 nm width can be seen, aligned in a direction perpendicular 
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to the surface, from a depth of approximately 2 µm to 3 µm. An SAED pattern with a 

diameter of 1µm, incorporating several grains yields a single phase pattern with single 

orientation.  

To analyse the grain structures seen in the region near to the interface between the 

layer remelted by the irradiation process and the remaining EDM recast layer, a 

second, deeper lamella was analysed. This lamella is a cross-section of the sample 

from a depth of between 1.0 µm and 6.0 µm. Between the top surface and 1.0 µm 

depth, the lamella was overly thinned and some of the sample within this top region 

was lost. 

 

Fig. 6.16 Bright-field image showing complex sub-layers, including the EB/EDM 
interface.  

A BF image of the lamella can be seen in Fig. 6.16. Several distinct regions can be 

observed, with a horizontal interface existing at approximately 4.0 µm depth. The 

region beneath this interface is characterised by one set of similar structures of a 

regular grain size, while the area above it contains a number of different structures of 
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varying sizes. Two SAED patterns are included in the figure; one of the region 

immediately above the interface between 3 and 4 µm depth from the surface, and one 

immediately beneath the interface, representing the structures between 4 and 5 µm 

into the surface. 

In contrast with the previous TEM lamella imaged in Fig. 6.13 and Fig. 6.14, 

extending from the top of the sample (~1 µm depth) to approximately 2.5 µm depth, a 

number of needle structures were observed. These structures can be seen ending at the 

boundary between the polycrystalline region and the columnar region beneath. 

Beneath the sub-layer of columnar grains is a polycrystalline region with a random 

orientation, this is evidenced by both the varying dark and light contrast of grains in 

this layer, and the dominant polycrystalline rings of SAED pattern 1. Variation in 

grain size can be seen in this region, with grains in the size range of 40-250 nm 

diameter. Beneath this is the interface between the remelted layer due to pulsed 

electron beam irradiation, and the layer beneath, which is assumed to be created 

predominantly by the EDM process and not as a result of electron beam irradiation. It 

is possible that heating caused by the melted region above caused transformation in 

the region created by EDM. The interface is present at a depth of approximately 4.0 

µm from the top surface, and this is consistent with the average measurement made in 

the layer thickness analysis conducted earlier in the chapter via SEM imaging and 

presented in Fig. 6.11. Beyond this interface, from a depth of 4.0 µm to the end of the 

lamella at 6.0 µm depth, a more regular grain structure, consisting of grains between 

200 and 400 nm diameter can be seen. An SAED pattern incorporating multiple grains 

in this region yields a purely single phase pattern with a single preferential 

orientation. The uniform contrast of these grains in the bright-field imaging mode also 

highlights their single orientation. 
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6.3.7 Phase identification 

In order to determine the phases present, indexing of SAED patterns taken during 

TEM imaging was performed. Fig. 6.17 shows indexed SAED patterns from the top 

surface in the region of finest grain size, from the region of columnar grains seen in 

Fig. 6.15, as well as the single orientation region seen below the EB/EDM interface. 

For convenience, the schematic in Fig. 6.21 should be referred to for ease of locating 

the SAED patterns. 

 

Fig. 6.17  Refer to Fig. 6.21 for the location of patterns - (a) FCC polycrystalline 
SAED pattern taken 100 nm from the top surface, (b) FCC SAED single 

orientation pattern taken from multiple grains approximately 2.5 µm from the 
top surface and (c) FCC austenite pattern yielded from grains at 4.5 µm depth.  

A number of SAED patterns were taken from the fine polycrystalline region on the 

first (top) lamella, and all yielded a pattern belonging to FCC austenite with no 

preferential orientation. This can be seen in Fig. 6.17 (a). The polycrystalline pattern 

in location 1 in Fig. 6.16 was also identified as austenite, sharing the same pattern as 

seen in Fig. 6.17 (a). Despite this, the pattern was expectedly composed of fewer dots, 

given the larger grain size and therefore fewer different grain orientations contributing 

to the pattern. The pattern in Fig. 6.17 (b) is from the columnar grain region at the 

bottom of the top lamella, beneath the randomly oriented polycrystalline region. This 

crystalline pattern was also identified as belonging to FCC austenite with one single 
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orientation. A number of grains were used to produce an SAED pattern corresponding 

to location 2 in Fig. 6.16. The resultant pattern, seen in Fig. 6.17 (c), despite 

consisting of multiple grains, is a crystalline pattern of a single orientation, also 

corresponding to FCC austenite. This region of austenite continues until the bottom of 

the lamella, approximately 6 たm from the top surface. 

From the second, deeper lamella imaged in Fig. 6.16, identification of the needle 

structures at the top of the image was difficult given the small area available for 

yielding diffraction patterns, resulting in surrounding structures contributing the 

majority to patterns, and the fact that little diffraction was being caused by these 

structures, as evidenced by their bright contrast in bright field imaging. Therefore, to 

summarise based on the SAED patterns, excluding the needle structures observed in 

the second TEM lamella, all areas of the TEM samples were composed of austenite. 

6.3.8 XRD analysis 

TEM is the most useful method for characterising small regions of a sample 

containing material structures with sub-micron scale dimensions. Despite this, the 

technique is inherently locational and not necessarily representative of the entire 

region of the 6x6 mm machined sample. In the TEM analysis in this chapter, two 

lamellae were prepared by FIB from the initial 6x6 mm machined and surface treated 

sample, and although the same phases were seen in the equivalent regions of both 

samples, a phase not seen in one was prevalent in the other. For this reason, XRD was 

used in order to determine the phases from an area of several mm2, and therefore 

clarify the TEM results. XRD analysis is also more useful than TEM in order to 

determine the level of crystallographic texturing of certain phases in the sample, given 

the contribution of a much larger number of grains to the patterns. In this section, 
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glancing-angle XRD was also used to distinguish between phases detected within the 

first 1 µm from the top surface, as well as several µm deep. In particular, GAXRD 

was useful in order to identify the needle-like phase observed in TEM imaging within 

the first 2 µm depth into the sample, seen in Fig. 6.16.  

XRD analysis was performed on the sample machined with EDM using 30 µs on-time 

and subject to 35 kV cathode voltage and 20 shots, i.e. the crack-repaired sample used 

in the TEM analysis in this chapter. It was also performed on the 5 µs machined 

sample subject to the same irradiation parameters, in order to identify any dependence 

of any final material characteristics on EDM settings. The analysis was repeated for 

the EDM only surfaces using both on-time settings, as well as for the EDM surfaces 

subject to only 1 shot at 35 kV, in order to reveal if multiple irradiation shots are 

required to induce the observed metallurgical changes. The raw material was also 

analysed for comparison. Fig. 6.18 presents the results of this analysis. 
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Fig. 6.18 XRD analysis of (a) 30 µs EDM’d surfaces and (b) 5 µs EDM’d surfaces 
subject to irradiation at 35 kV by 1 and 20 shots and (c) unaffected steel.  

After EDM with both 5 µs and 30 µs on-times, there was a significant drop in the 

ratio of the austenite (111) to (200) peaks compared to the ratio of 14.8:1 for the 

unaffected material. For 5 µs EDM the ratio dropped to 2.45:1, and to 1.98:1 with the 

longer on-times of 30 µs indicating a significant loss of crystalline texture by the 

process, compared to the initially textured bulk material. After irradiation, crystalline 

texture was reintroduced for surfaces machined using both EDM parameters. Both 

surfaces showed similar changes in crystalline texture after EB irradiation at 35 kV. 

Fig. 6.18 (a) and (b) show the effect of 1 shot and 20 shots on the XRD of both 

EDM’d surfaces. The narrowing and increased ratio of intensity of the (111) peak 

relative to the (200) peak to 4.41:1 for the higher on-time, and to 4.60:1 with the 

lower on-time indicates the reintroduction of crystalline texture with the (111) planes 

orientating parallel to the surface. After 1 shot however this texture was not 
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introduced, indicating the process is taking place incrementally with each shot, and 

full texturing requires multiple shots. 

Under all irradiation conditions the dominant phase was FCC austenite, and this is 

consistent with the TEM phase analysis. The peak to the right of the (111) austenite 

peak was not present in the initial raw austenitic stainless steel, however it appeared 

after EDM, and particularly strongly under the longer discharge on-time of 30 µs. 

This small peak reduced somewhat in intensity relative to the other peaks after 20 

shots of irradiation. Since this is the only non-austenite peak in the XRD pattern, it is 

thought the phase or phases responsible for this peak is/are also responsible for the 

needle structures seen in the TEM image in Fig. 6.16. 

Next, GAXRD was performed on the surface subject to 35 kV and 20 shots, as well as 

the EDM’d only surface using 30 µs discharge on-time. Standard XRD and GAXRD 

have quite different penetration depths and these depths are also dependent on 

material composition. The penetration depths using these two variations of the process 

are ideal for clarifying the structures present within the remelted layer induced by 

electron irradiation, seen by TEM imaging. Table 10 summarises example X-ray 

penetration depths from which 90% of the X-ray signal arises for both standard XRD 

and GAXRD. These depths were calculated using the composition of the initial raw 

material, and therefore it should be noted that chemical changes induced by the EDM 

process may therefore influence the penetration of X-rays into the sample to some 

degree. 
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Table 10 XRD Penetration depths for 90% of signal in たm, at different 2 theta 
values 

 100° 60° 40° 30° 

Standard XRD  4.69 3.06 2.09 1.58 

Glancing Angle  0.41 0.41 0.40 0.40 

 

In the standard XRD analysis, 2 theta values between 40° and 100° were used, and in 

the GAXRD analysis, 2 theta values between 40° and 60° were used, since the most 

relevant peaks were within this range. Based on these penetration depths, standard 

XRD alone typically penetrates to a depth which tells us the phases which dominate 

the EB remelted layer, however the shallower depths penetrated using GAXRD can 

further reveal whether these phases are present in the same ratios within the 

uppermost 400 nm. Fig. 6.19 shows X-ray spectra using GAXRD. GAXRD was 

performed on the EDM’d surface and the treated surface using 35 kV and 20 shots.  
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Fig. 6.19 Glancing angle XRD patterns of the EDM’d surface and the irradiated 
EDM’d surface with 20 shots at 35kV 

GAXRD gives a peak to the right of the (111) austenite peak which is larger, 

compared to standard XRD, relative to the austenite peaks, indicating the 

corresponding phase is more prevalent withi the first 400 nm from the surface 

compared to beneath this. Between 44.5° and 45° 2 theta values, planes of both 

orthorhombic cementite and ferrite are expected in this region, therefore it is difficult 

to identify the phase with confidence. This is particularly the case for the broadened 

peak under GAXRD of the irradiated sample. However, if we compare this result with 

the needle structures which extend towards the surface in Fig. 6.16, the location of 

this peak is likely to correspond to orthorhombic cementite, indicating the needle 

structures are of this phase. This is reasonable given cementite is known to form as 

lath-shaped precipitates when viewed in cross-section [163, 164]. Under EDM only, 

this proposed cementite peak is stronger. This is consistent with the TEM analysis 
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conducted on an EDM’d steel by Cusanelli et al. [62], whereby needle-shaped 

cementite was seen in the first few hundred microns of the surface. The greater 

sharpness of the peak on the EDM’d only surface compared with the irradiated 

surface is consistent with larger crystallite size [165]. To summarise, the XRD results 

have confirmed the dominance of austenite both within the first 400 nm of the 

surface, and in the entire remelted layer. There is also evidence that the needle 

structures present in the polycrystalline, randomly oriented matrix within the first 2 

µm, are cementite needles. 

 Discussion 6.4

6.4.1 Crack repair and surface morphology 

In this chapter, surface cracks which are characteristic of EDM surfaces have for the 

first time been repaired by a novel mechanism using pulsed electron beam irradiation. 

No similar mechanism causing the homogenisation of cracks on a metal surface by a 

large-area beam or otherwise has been demonstrated before, and the ability to retain 

the dimensions of the intended workpiece shape after surface treatment while 

improving the morphological properties is a significant contribution. The technique is 

practically applicable given the rapid cycle time and the ability of the process to 

modify surfaces at high tilt angles, which is particularly relevant for the surface 

modification of micro-scale complex shaped parts. The mechanism which causes the 

crack repair process is illustrated in the schematic in Fig. 6.20, where the crack repair 

process under low voltage (15 kV) irradiation can be seen. 
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Fig. 6.20 Schematic of crack resealing process in cross-section under low voltage 
irradiation 

In stage (1), before irradiation, there is a crack penetrating from the surface to the 

interface between the bulk and the recast layer created by EDM. In this schematic, in 

stage (2), upon low-voltage EB irradiation for example using 15 kV cathode voltage, 

some of the EDM recast layer becomes molten. During this time, it is thought that the 

molten material will flow due to cohesive surface tension effects. This is where the 

intermolecular forces cause attraction between similar molecules. The greater volume 

due to reduced density in the liquid state may also encourage material from both sides 

of the crack to move together. It is thought that other forces such as convection 

currents as well as gravity are not relevant here due to the rapid cooling rates (108 – 

109 K/s). Upon solidification, in stage (3), contraction due to volume reduction is 

expected, causing the crack to partially re-open. It is thought that under higher voltage 

irradiation, and more shots, the larger volume of material made molten, results in the 

movement of a larger volume of material, and the gradual homogenization of the 
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material around the crack. Since cooling rates are rapid, only a limited amount of 

material can be transferred under the action of a single shot. 

Under the EDM parameters used which caused cracks to be generated, and under the 

range of irradiation parameters chosen in this study, AISI 310 stainless steel showed 

the most marked improvement in surface morphology out of the three materials 

subject to initial investigation, given a fully crack repaired surface could be produced 

using 20 shots of irradiation at a cathode voltage of 35 kV – a cycle time of only 

about 4 minutes once the initial 10 minute vacuum cycle was complete. Only partial 

crack repair could be achieved on the surface of 304 steel and Inconel 718 using the 

same machining conditions. Although with the parameters used in this study, 310 

steel responded best in terms of crack repair, all the materials were able to undergo at 

least partial crack repair, indicating that pulsed electron beam irradiation under further 

parametric investigation as well as future increases in acceleration voltage and energy 

density, is likely to be able to crack repair a large range of materials. For this study, 

the expense and technical difficulty in preparing a TEM sample limited the 

investigation to the most successfully treated material, in order to yield the most 

useful conclusions on the effect of the irradiation process on the surface of machined 

materials. The surface of Inconel 718 for example using 20 shots at the highest 

voltage of 40 kV contained many cracks which were mostly repaired, with the same 

characteristics as for example 310 steel using the same parameters. The difference in 

behaviour of crack repair for the different materials is not surprising given their 

different thermal properties. 310 steel contains approximately 5% more Cr than 304 

steel does, and its thermal conductivity at 100°C is 14.2 W/m.K compared to 16.2 

W/m.K for 304 steel. The thermal conductivity of Inconel 718 is 11.4 W/m.K at 

100°C. The melting ranges for the materials are quite similar however; Inconel melts 
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at 1260-1336°C, 304 at 1398-1421°C, and 310 at 1354 – 1402°C. Since the surfaces 

of the materials have also been modified chemically and metallurgically by the EDM 

process prior to irradiation, its effect is likely to be different for each material given 

their different compositions, and therefore the thermal properties of their surfaces are 

not exactly known. Another factor influencing the ability of the irradiation process to 

cause crack repair is the proportion of the energy applied to the surface which 

contributes to smoothing of the surface through melting of asperities. The surfaces of 

the materials after EDM with the same 30 µs on-time parameters exhibited slightly 

different characteristics, also caused by differences in thermal properties. Rougher 

surfaces with a higher frequency and sharper surface asperities would require a 

greater proportion of the applied beam energy to surface melt, and so asperities would 

be melted first. 

In further work a more in depth parametric study on a larger range of materials would 

be insightful in understanding the exact properties of a material which influence its 

susceptibility to the crack repair phenomenon. This thesis however has demonstrated 

the principle of crack repair and its dependence on both material and electron beam 

irradiation parameters. 

A significant change in surface morphology also accompanied the homogenisation of 

surface cracks on stainless steel. The high roughness of the initial machined surface 

typical after EDM was substantially reduced post irradiation. A mean Sa roughness of 

more than 3 たm was reduced to below 0.9 µm after irradiation. A reduction in asperity 

frequency and trough depth is particularly important with regards to sites for crack 

initiation due to stress concentration as well as sites which promote corrosion. The 

reduced roughness of the EDM’d surface may explain, in part, the improved corrosion 
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behaviour of EDM surfaces after pulsed electron beam irradiation as reported by Uno 

et al. [75]. 

After irradiation by 5 shots at 25 kV (see Fig. 6.6), craters, well known to be 

associated with the electron beam irradiation process, began to appear. The cracks 

previously in these regions are eliminated by the surface flow due to crater formation. 

The phenomenon of crater formation associated with pulsed electron beam irradiation 

has been reported in a variety of alloys. For example by Gao et al. [166] in 

magnesium alloy, as well as in aluminium-silicon alloys by Walker et al. [122] and 

tool steel by Zou et al. [114]. Craters are thought to form due to melting which starts 

just below the surface. Due to the expansion of the volume of melted matter and when 

the thickness of the solid layer which confines this melt pool can no longer sustain the 

expansion force, eruption occurs at the surface. It is also understood that 

heterogeneities such as intermetallic precipitates and carbides can serve as nucleation 

sites for sub-surface melting and subsequent eruptions given differences in density, 

coefficient of thermal expansion and melt temperatures. In particular for steels, craters 

have been shown by Zou et al. to form at the location of Cr7C3 carbides in tool steel 

[167] and at MnS inclusions in 316L stainless steel [115].  For Al-Si based alloys they 

have been shown to occur at sites of primary silicon particles [122]. For MnS 

inclusions the occurrence of craters at these regions has been explained by “weak 

points” associated with the presence of these MnS particles in the solid layer, above 

the melted layer which begins beneath the surface [115]. This concept may explain 

the cratering at these locations, in spite of the relatively high melting point of MnS – 

approximately 1600 °C. The occurrence of craters is important to understand since 

work by Zhang et al has shown that they are sensitive to corrosion pitting, particularly 

if they contain holes or cracks at the surface [168]. In this case, craters began to 
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appear after 5 shots with 25kV, and 1 shot with 35kV cathode voltage. The craters 

however did not contain any holes or cracks, and in fact craters appearing in the 

centre of a crack eliminated the crack which was previously present.  

The production of a highly uniform layer (see Fig. 6.12) after 20 shots at 35kV with 

no cracks suggests the process has potential for extension of fatigue life, reducing area 

for corrosive attack as well as elimination of notches which would hinder mechanical 

wear behaviour. Fig. 6.11 is an important figure with regards to the direction future 

development of the technology should take. The depth of the remelted layer for the 

purpose of eliminating cracks on a surface is a critical parameter, and this figure 

demonstrates the dependence of depth on irradiation parameters. It suggests that with 

further increased acceleration voltages it may be possible to treat the largest 

thicknesses of recast layers typical of very aggressive machining strategies by EDM 

as well as other thermal based machining processes. The tendency of EDM and other 

thermal based machining processes to yield cracks under the most useful machining 

conditions may no longer be a factor in the choice of machining parameters, since 

they can be easily repaired under rapid surface treatment. This would present 

significant economic benefits for cutting of components that would have otherwise 

required slow machining strategies.  

6.4.2 Phases and grain structure 

The nature of the EDM process involves melting and resolidying of material of the 

workpiece surface in a carbon rich environment. Movement of carbon into the recast 

layer is expected when using oil based dielectrics, however the detection of carbon is 

difficult using EDX given the low energy K line of the X-ray, meaning it is easily 

absorbed by surrounding material. In terms of phase transformations in steels, carbon 
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levels are critical to the likely phases to be formed upon quenching. Therefore the 

material subject to electron beam irradiation in this study is highly modified from the 

initial composition of the 310 steel. Despite this some clear conclusions and 

explanations for the structures observed by TEM and XRD can be made.  

The near-surface structure of the EDM’d 310 steel sample subject to 20 irradiation 

shots at 35 kV is characterised by nanograined austenite. Austenite is known to form 

after rapid quenching and this is known as retained austenite. Staehli et al. [169] 

showed this effect by the production of thin boundary layers of homogenous austenite 

after laser-pulse irradiation. The presence of very fine retained austenite in steel after 

pulsed electron irradiation has also been reported elsewhere [170, 171]. It is thought 

that the high cooling rate prevents further growth in size of the austenite grains. Since 

it was observed that after 1 µm depth from the surface, austenite grains are clearly 

larger, it is thought that the cooling rate in this location is reduced compared to 

immediately next to the surface. It has been shown by calculation that after pulsed 

electron beam irradiation the temperature is always the highest at the very top surface 

[162]. The highest rate of quenching from the melt and the highest velocity of the 

crystallisation front are expected at the surface (10 K/s and 5 m/s respectively) [172] 

and therefore such a grading of nanostructures is also expected.  

Given the complex nature of the sub-layers observed in TEM imaging of the 

irradiated surface, a schematic detailing the structures identified can be seen in Fig. 

6.21. Phases, approximate depth into the sample, grain size and grain orientation are 

summarised here. 
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Fig. 6.21 Schematic of sub-layers of electron beam irradiated EDM’d steel. 
Indexed patterns of labelled areas can be seen in Fig. 6.17. 

Fine plate structures (a needle–like shape in cross-section) within the top 2.5 µm were 

also observed. These structures appear to have grown from the interface between the 

randomly oriented austenite and the columnar austenite beneath this, at approximately 

2.0 µm depth from the surface. GAXRD patterns suggest these may be cementite 

needles in a nanocrystalline austenite matrix, however, further TEM analysis would 

be required to confirm the identity of this phase. It should be noted that such needle 

structures were only observed in one of the two lamellae. This may be related to the 

inhomogeneity of the level of carbon absorption during the EDM process from the oil 

based dielectric, effectively resulting in a slightly different composition in the 

locations of the two lamellae. It is also known that both tool species and carbon 

contamination in the recast layer during EDM is not completely uniform at the 

nanometre scale, as was shown in Chapter 4. The expected absorption of carbon into 

the EDM recast layer during machining increases the stability of the cementite phase. 

The absence of martensite in the remelted layer would also be consistent with the 
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results of Proskurovsky et al. [172] when using a carbon steel treated by EB 

irradiation. 

A solely austenite region was also observed beneath what is thought to be the EDM-

EB interface. It is assumed that the phases present beneath this interface were also 

present before irradiation, given that they appear to be beneath the melt zone induced 

by irradiation. An austenitic microstructure in the EDM’d surface of C35 carbon steel, 

mold steel Impax, as well as pure Iron, has been shown to form when machining in an 

oil dielectric, as was the case in the study by Kruth et al. [173], who also observed 

significant cementite dendritic structures were formed even in the pure iron, inferring 

that the uptake of carbon from the dielectric is significant enough to cause carbides of 

iron to be formed, given it was that the found carbon content in the surface increased 

four-fold during machining in oil. There has also been evidence of cementite seen in 

the TEM/XRD study of carbon steel subject to EDM by Cusanelli et al. [62]. This 

may support the identification of a strong cementite XRD peak for the EDM’d only 

surface.  

It has been shown that a nanostructured layer at the surface of carbon steel can 

improve its surface hardness and fatigue strength [124]. Similarly, a nanocrystallised 

surface on 316L stainless steel was shown to improve its surface hardness by almost 

three times [126]. In the former study, surface mechanical attrition treatment was 

used, utilising the vibration of steel balls, typically 1-10 mm diameter [125], larger 

than those used in shot peening, to induce significant plastic deformation and 

effective grain sub-division. The latter study used fast multiple rolling rotation, a 

plastic deformation process using static pressure to introduce a nanocrystalline surface 

on a large sample. Both of these processes are limited from application on 

components with a small surface or with delicate surface structures, whereas pulsed 
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electron beam irradiation is a more suitable process for the surface treatment, 

modification and introduction of fine nanostructures on highly intricate surfaces.  

In the TEM analysis, oriented austenite grains were observed after approximately 2 

µm from the top surface. XRD analysis also confirmed that the austenite phase 

became textured compared to the austenite phase in the EDM’d only sample. 

Crystallographic texturing can be an important material parameter since mechanical 

and chemical properties vary depending on the orientation of grains within the 

material. 

XRD spectra of both EDM’d surfaces subject to irradiation by 20 shots at a cathode 

voltage of 35 kV indicated aligning of the (111) austenite planes parallel to the 

surface. After 1 shot at this voltage however, any induced texturing is not indicated by 

the XRD patterns on either sample, suggesting orientation is an incremental process 

and requires multiple shots. It has been shown that with electron beam irradiation 

under conditions which do not melt the surface of the workpiece, incremental crystal 

orientation of the austenite (111) planes aligning parallel to the surface can still take 

place [174]. This is explained by plastic deformation induced by an intense thermal 

stress wave produced by irradiation. However since melting of the surface was 

evident given the crack repair process explained by joining of material in the liquid 

state, the observed orientation shown, as shown in Fig. 6.18 is likely caused by grain 

growth in a single preferential direction, as suggested by the columnar nature of the 

oriented grains seen in the TEM images. The same preferred orientation has been 

observed in austenitic 316L stainless steel after irradiation with both pulsed electron 

beams [175] and pulsed ion beams, whereby the ratio of (111) to (200) austenite 

peaks increases with shot number as well as both energy density and shot number in 

the case of ion beams [176]. It has been shown by Shahryari et al. [177] that 



 

 

 

203 
 

crystallographic orientation of 316 stainless steel, in particularly with (111) and (100) 

planar orientation, improves resistance to pitting corrosion. The introduction of such a 

preferred orientation at the surface as shown in this study could therefore be another 

advantage for the application of these treated surfaces. 

 Conclusions 6.5

The aim of this chapter was to improve the properties of the EDM’d surface through a 

novel and convenient surface modification technique. The study has shown that a 

homogenised crack-free layer can be produced in the surface of EDM’d 310 steel 

which exhibited a large number of surface cracks after machining. For the first time a 

novel crack repair mechanism by an incident large area pulsed electron beam has been 

demonstrated. Surface cracking is a critical problem for EDM’d components since it 

is highly detrimental to fatigue performance. A detailed TEM and XRD metallurgical 

analysis was performed showing that an extremely fine graded nano-structure 

composes the crack-free layer. The rapidity, technical simplicity and large area of 

application of the surface treatment process makes the results in this chapter 

particularly significant for post-processing of machined components of a range of 

sizes and shape complexities, and for delicate micro parts whereby precise dimensions 

must be maintained. The specific conclusions made in this chapter are summarised 

below: 

 A pulsed electron beam irradiation technique, using a range of acceleration 

voltages and number of pulses, was used to improve the surfaces of electrical 

discharge machined stainless steel with a cycle-time of between 11 and 15 

minutes, including the initial 10 minute vacuum cycle. 
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 The Sa and Sz surface roughness values of EDM’d 310 steel machined by 

EDM with 30 µs on-time and 4.5 A can be improved from 3.1 µm and 28.7 

µm to under 0.9 µm and 7 µm respectively, using 20 shots at 35 kV cathode 

voltage. 

 Cracks induced by the EDM process can be entirely eliminated from the 

surface, and up to 4.0 µm depth of the new remelted surface when using a 

cathode voltage of 35 kV. When machining with 4.5 A and 30 µs on-time, this 

represents the majority of the depth of the recast layer, with only small 

sections of the recast layer remaining unaffected.  

 The ability of the surface treatment process to repair surface cracks varies 

depending on the material used. 

 The crack repair mechanism, the morphology of which could be observed 

clearly using low acceleration voltages of irradiation, appears to occur due to 

flow of both sides of the crack, followed by contraction upon cooling, leaving 

only some of the crack repaired under low voltages or few shots. Under 35 kV 

cathode voltage and 20 shots, cracks remain fully repaired with in the EB 

remelted layer. 

 Using a low cathode voltage of 15 kV, surface crack density is increased; this 

may be due to surface evaporation revealing previously hidden sub-surface 

cracks. However with an increased voltage of 25 kV and 35 kV, crack density 

is generally reduced, and eliminated entirely after 20 shots at 25 kV and 35 

kV. 

 The thickness of the EB remelted layer depends mostly on acceleration 

voltage, and reaches up to 4.0 µm with 35 kV. A slight reduction in thickness 
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after 20 shots compared to 10 shots for all voltages suggests partial 

evaporation and mass loss from the surface. 

 In a TEM study of the cross-section of the crack-repaired surface, a graded 

nanostructure was formed in the first 4.0 µm of the surface of austenitic 

stainless steel subject to pulsed electron beam irradiation after electrical 

discharge machining, with a grain size of below 10 nm present at the very top 

surface. Nanostructured coatings are desirable for their improved mechanical 

properties caused by grain boundary strengthening. 

 A random orientation of austenite grains is seen within the first 2.0 µm from 

the free surface, with a needle-like phase thought to be cementite present 

within this matrix, below which is a single orientation region of columnar 

austenite grains, followed by a region of randomly oriented austenite grains 

beneath this. 

 A sharp interface can be seen between the EB remelted layer and the 

remaining EDM recast layer beneath, which is composed of solely single-

orientation polycrystalline austenite until at least 6.0 µm depth. 

 XRD analysis suggests the textured austenite grains with (111) planes parallel 

to the surface within the remelted layer become oriented incrementally and 

this depends on the number of irradiation shots. Such an orientation has been 

correlated with improved corrosion behaviour. 

In section 7.2, the future work which has emerged as a result of this study will be 

discussed. 
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 Conclusions 7

 General conclusions 7.1

The EDM process has unique characteristics which see to its continued usage in the 

manufacturing sector. Its ability to drill and cut the hardest and most brittle materials 

means it is a critical technology in the processing of high-value components. 

Concurrent with the adoption of EDM by industry since the 1950s, a significant 

academic effort has been made to understand the fundamental mechanisms behind 

material removal and the properties of parts produced by the process. This work has 

utilized a range of characterisation techniques to help complete the picture of the 

complicated phenomena which take place in the machining gap. This study has also 

recognised that new surface modification technologies will become essential for the 

post-processing of components machined by necessary processes such as EDM. It has 

been shown that pulsed electron surface treatment can be unified with EDM to 

produce a process chain which can solve a critical issue of the process by taking 

advantage of the novel properties of the irradiation technology. 

This thesis reports investigations from a fundamental perspective on the damage and 

contamination occurring in the surface of materials machined by EDM. Pulsed 

electron beam irradiation surface modification was used to provide a solution to the 

most critical surface damage property which is caused by EDM; surface cracking. 

From this work, previously unobserved phenomena at the nano-scale of EDM’d 

surfaces have been revealed. The conditions under which material migrates between 

electrodes have also been explained. An understanding and prediction of damage and 

contamination occurring during the process are critical to the progress of EDM as a 

micro and nano-scale machining process. In the final research chapter, the repair of 
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surface cracks by pulsed electron beam irradiation was demonstrated. Surface 

cracking is detrimental to components since it leads to a reduction in the material’s 

fatigue life and corrosion resistance. The rapidity and simplicity of pulsed electron 

irradiation mean that the generation of a crack-free surface layer on EDM’d materials 

by this method has substantial industrial implications, as deleterious surface 

properties caused by aggressive and economically useful machining parameters can 

be quickly eliminated. 

Chapter 4 used a pure material machinable by EDM; single-crystal silicon, as a highly 

characterisable workpiece for the TEM investigation of damage occurring at the nano-

scale by EDM. Several phenomena were observed at the nano-scale created by the 

EDM process not discussed before in literature. These are; nano-scale pores of sizes 

down to 10 nm; nano-crystals of embedded tool material of sizes down to 3 nm; and a 

crack with a diameter of 20 nm. Understanding of these is important because they are 

critical to the properties of the workpiece, but difficult to detect. Epitaxial regrowth of 

the crystal lattice was also observed in the recast layer, with a twinned crystalline 

structure remaining, suggesting EDM may be a viable method of maintaining the 

crystal structure of semiconductors during cutting. The study suggested that 

conventional microscopic techniques such as SEM and optical microscopy are not 

sufficient to characterise recast layers created by EDM, and the properties of materials 

machined by the process are in fact determined by phenomena occurring at the nano-

scale. This knowledge is essential to the furthering of EDM as a process which can 

machine at the micro and sub-micron scale. 

Chapter 5 revealed the material migration mechanism occurring during the complex 

discharge process. This mechanism allows material to transfer between electrodes, 

despite the cool dielectric medium existing in the discharge gap, which solidifies and 
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flushes the majority of machined material. The transfer of material between electrodes 

is thought to be a two-stage process, whereby material ejected at the end of discharge 

on-time is remelted in the discharge gap by a successive discharge, causing its fusion 

into the opposite electrode surface. A contaminated layer is created by the gradual 

buildup of material through discrete concentrated deposits at the locations of 

discharge. The thickness of the contaminated layer increases with increasing both 

discharge current and discharge on-time. Understanding this mechanism of transfer, 

and the conditions under which material is modified in this manner is essential to the 

avoidance of contamination, as well deliberate deposition, during EDM. 

In Chapter 6, the damaging surface property of surface cracks characteristic of 

materials machined by EDM, was investigated. A crack repair process using a large 

area beam to remelt the surface was used to eliminate surface cracks through a novel 

rapid melting mechanism. Pulsed electron beam irradiation under the parameter of 20 

irradiation shots at an acceleration voltage of 35 kV was capable of eliminating cracks 

within a 4 µm depth of the surface of EDM’d 310 stainless steel. Only a small section 

of the unaffected EDM recast layer remained beneath the homogenous remelted layer. 

A significant reduction in surface roughness parameters accompanied the repair of 

surface cracks. The thickness of this layer can be controlled through the choice of 

cathode voltage parameter, suggesting that increased voltages of new machines will 

be able to repair the surfaces of aggressively machined components. An ultra-fine 

graded nanostructure of austenite was shown to comprise the crack-free surface, with 

implications for improved hardness and wear behaviour due to grain boundary 

strengthening.  

This thesis has made important contributions to the fundamental understanding of 

damage which occurs as a result of the complex phenomena which take place within 
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the EDM process. The µs time-scale at which machining occurs, and the µm 

dimension-scale of individual discharges mean that direct observation of phenomena 

taking place during discharge is extremely difficult. The use of TEM analysis and 

single-discharge characterisation has revealed previously unknown phenomena 

critical to the advancement of EDM as a precision machining tool. An industrially 

practical solution based on large-area pulsed electron beam irradiation which was 

demonstrated to repair surface cracks has significant implications for the machining 

of components which would have required removal of the recast layer, or for complex 

parts not possible to surface treat by other means. EDM will continue to be a 

necessary machining process well into the future given its indispensable niche 

advantages of machining of very hard/brittle materials, and its ability to create high-

aspect ratio holes and complex shapes in hard as well as delicate components. This 

thesis is a step towards ensuring EDM continues to be utilised while dimensions of 

parts continue to decrease and component and material specifications become ever 

more stringent. 

 Future work 7.2

Several areas of suggested further work have been identified by the work in this 

thesis. 

The nano-scale characterisation of EDM phenomena in Chapter 4 was performed on 

low-resistivity single-crystal silicon given its chemical purity, crystal simplicity and 

machinability by EDM. The material is however extremely brittle, and therefore the 

crack which was observed in the TEM image in Fig. 4.18 may be characteristic of this 

property under EDM. It may not necessarily be representative of the nano-scale 

morphology of other more ductile materials machined using the same parameters. 
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Since surface cracking is a critical property of EDM’d surfaces, it is particularly 

important to know if cracks invisible to optical and SEM imaging are dominant within 

the surface of most materials machined by the process. TEM analysis of metals 

machined by EDM under a variety of parameters would therefore be a valuable study. 

The phenomenon of contamination of material suspended in the dielectric onto 

workpieces machined by EDM has been subject to much research in recent years, and 

a commercial machine capable of coating a workpiece with a chosen powder based 

material is now manufactured by Mitsubishi Electric. Although a number of materials 

have been used as coatings by this method, the fundamentals of this process have seen 

little academic interest, and the mechanism of attachment of material between 

electrodes investigated in Chapter 5 has contributed to this knowledge. Fundamental 

metallurgical analysis of a coating layer created by EDM has not been performed 

according to the literature review, and therefore a TEM analysis of the structure of the 

coatings would be a significant contribution to the understanding of coatings created 

by EDM, and would explain improved mechanical properties which have been 

reported by several authors. Continuation work to conduct this analysis is planned. 

Under precise control of the contamination process, a machining process combining 

material removal and deliberate attachment could also be conceived. 

The work in this thesis using surface treatment aimed to show the potential for the 

pulsed electron beam irradiation process to be applied to EDM’d surfaces. Some 

characterisation work therefore remains before commercial application of the process. 

Cracking associated with EDM’d surfaces is correlated with reduced fatigue 

resistance since the crack initiation stage of fatigue failure has already occurred. It is 

also related to worsened corrosion behaviour given the increased area for chemical 

attack. Therefore fatigue and corrosion testing should be performed on treated EDM 
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surfaces. A nanostructured surface layer is a desirable characteristic of materials since 

improved mechanical behaviour is expected due to grain-boundary strengthening. 

Nano-hardness and nano-scratch testing should therefore be performed on irradiated 

EDM’d surfaces to identify improved tribological characteristics. To accompany the 

characterisation study in Chapter 6, a detailed residual stress analysis of the recast 

layer should be conducted, since the correlation between fatigue properties and 

residual stress is well documented. Such a stress analysis could be conducted both 

through XRD analysis and through direct measurement of strain in SAED pattern in 

TEM. Stress analysis through TEM may be necessary to characterise the less 

dominant phases present in the remelted layer. The complexity of the steel machined 

and surface treated, and in particular its composition and numerous possible phases, 

mean definitive conclusions on the microstructures produced in a larger range of 

materials are difficult to make. Therefore a TEM study of a commercially pure 

material undergoing EDM and EB irradiation would be useful to determine the 

applicability of the process chain. 

The pulsed electron beam irradiation process is a recent addition to the range of 

surface modification techniques. The novelty and practical usefulness of the process 

given its large area and rapid cycle time have resulted in a large number of research 

papers being published in the area. This research is conducted by a few select groups 

around the world with access to the technology, and at an increasingly high rate each 

year. Since the majority of publications in the field deal with fundamental materials 

characterisation, the practical application of the process to an established and essential 

machining process such as EDM is a highly novel direction of research, and therefore 

it is recommended that work immediately following on from this thesis should be in 

this area.  
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Appendix 

 

Appendix Fig 1 Image of full lamella from deeper region of EB irradiated 
EDM’d 310 steel. FIB damage can be seen at the top right.  

In Appendix Fig 1, the entire bottom lamella used in Fig. 6.16 can be seen. The 

sample is noticeably damaged from FIB at the top right, where curtaining and over 

milling can be seen. In order to thin this large sample fully to over its entire area, 

maintaining the original top surface was very difficult, and so two TEM sample were 

used in this chapter. However, despite damage, the structures reported can be seen 

continued in the right region of the sample, including needles, the EB-EDM interface 

and austenite structures. 
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Appendix Fig 2 Average thicknesses of EDM deposited layers used for graph in 
Fig. 5.12 

 

Appendix Fig 3 Crack density of EB treated samples used to produce graph in 
Fig. 6.4 

 

Appendix Fig 4 Average crack length of EB treated samples used to produce 
graph in Fig. 6.4 
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Appendix Fig 5 Mean roughness and standard deviation of EDM’d surface 
subject to EB irradiation used to produce graph in Fig. 6.9  

 

Appendix Fig 6 Mean thicknesses and standard deviations of measurements of 
EB remelted layers used to produce graph  

 

 

 

 

 

 

 


