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Abstract 

Electrical discharge machining (EDM) is a non-conventional machining 

process predominately used to machine hard materials that are difficult to 

machine using conventional processes. Material removal is through a non-

contact thermally driven process utilising electrical discharges. One drawback 

of EDM is the formation of a recast surface which can affect part properties. 

Oxide layers are sites of potential cracks, are brittle, are prone to spalling, 

potentially contributing to premature part failure, have lower melting 

temperatures, are porous and loose, and are difficult to control. These recast 

layer defects must be controlled via lengthy parameter optimisation or 

removed post-process, where surface integrity is critical.. The recast layer has 

been studied extensively; however, oxides have not been studied in depth, 

only through observations or brief discussions as part of other works. 

The thesis first aims to understand EDM recast oxide formation and 

propose a route to reduce oxides. By altering parameters, the aim is to alter 

discharge energy and discharge/crater formation characteristics, as well as 

cooling and flushing of the spark gap. This showed that current, on-time and 

discharge energy lead to increased oxides, while off-time and pressure 

decreased oxides, which was linked to differences in gas, molten crater, and 

gap characteristics, and explored via constant energy experiments. This 

showed the importance of parameter discharge impulse force, which alters 

ejection and oxidation behaviour. Therefore, to achieve a feature with low 

amounts of oxides, a shorter on-time and lower discharge energy is needed, 

as well as increased flushing and off-time. This results in a parameter with 

high discharge impulse and high gap flushing and cooling. 



ii 

 

Electrochemical methods have been used to remove recast post-process, 

however limited work has been done in combining EDM and ECM in a single 

process. A method to produce a zero-recast surface in a single controllable 

process, in a single step, combining the accuracy of EDM with the surface 

finish of ECM, has been proposed in this thesis. Electrochemical dissolution 

was used to remove the recast layer while electrical discharges were used to 

advance hole depth. The expansion of the side wall enables EDM to occur 

only on the frontal area, while ECM is limited on the side, thus creating discrete 

electrolytic and dielectric zones. To control dissolution dielectric electrical 

conductivity was altered and to control dissolution mechanisms type of salt 

additive was changed. NaCl produced a pitted surface while NaHCO3 

produced a surface with passive oxides with limited recast removal. NaNO3 

and NaNO2 produced zero-recast surfaces, however with regions of excessive 

electrochemical pitting and removal. Finally, Na2SO4 and Na2SO3 produced 

smooth surfaces with removed recast, with Na2SO3 removing the recast 

through controlled electro-polishing. The preferred surface and most 

controllable electrolytic-dielectric was found to be Na2SO3. 

To understand the balance between the EDM and ECM parts of the 

process, pulse waveform analysis must be conducted. The process was split 

into four pulse types and their significance explained: electrical discharge, 

semi-arc discharge, delayed discharge, and electrochemical. Intervals of high-

voltage, when using DI, would result in regions of ECM when conductivity was 

increased. The EDM:ECM balance was crucial to process understanding and 

was directly affected by the high voltage intervals which occur due to gap 

conditions. The electrochemical difference between electrolytic-dielectrics 
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was shown through the EDM:ECM pulse ratio and gas analysis, showing that 

NaCl, which is the most aggressive salt, has the most ECM pulses, while 

NaHCO3 which is the least aggressive has the most EDM pulses. Differences 

in electrolytic-dielectrics were explained due to dissolution mechanisms and 

pulse charge, which increase the high voltage intervals and ECM pulses. 

Similarly, an increase in conductivity and depth increases ECM pulses and 

charge, hindering EDM pulses. A mathematical model was used to illustrate 

the overall process balance through fundamental electrochemical theory and 

process pulse data. Through this model, the point during machining at which 

complete recast layer removal occurs is predicted and validated through 

experimental analysis. 
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1 

1 Introduction 

Electrical discharge machining (EDM) is a non-conventional machining 

process predominately used to machine hard materials that are difficult to 

machine using conventional processes. EDM is a non-contact process which 

uses thermal energy to remove material via electrical discharges, enabling 

machining regardless of the material’s mechanical properties. 

One common application of EDM is in the drilling of turbine blade cooling 

holes. Due to the extreme heat experienced in engine, the temperature of the 

blades would normally exceed the melting point of the super-alloy. Additional 

cooling is therefore critical in the process. Film cooling is therefore utilised, 

which intakes cool air from the compressor stage and channels it through the 

blade, exiting through the cooling holes and diffusers and forming the film-

cooling layer. 

One drawback of EDM is the formation of a rough recast surface layer 

containing porosity, cracks, contamination, and oxides, which can affect the 

functional properties of the machined part. Oxide layers are sites of potential 

cracks, are brittle, have poor mechanical properties, and are prone to spalling, 

and so may potentially contribute to premature part failure or secondary 

contamination elsewhere in an engineering system. They are also known to 

inhibit coating adhesion in certain manufacturing processes.. The recast layer 

has been studied extensively; however, oxides have not been studied in depth, 

only through observations or brief discussions as part of other works. 

These recast layer defects must be controlled via the lengthy process of 

parameter and process optimisation. Alternatively, the recast layer is often 
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removed post-process for applications where surface integrity is critical. This 

process can add substantial cost and time to the overall machining process. 

This thesis firstly aims to understand EDM recast layer oxide formation, 

which has not been explored extensively in the literature, and aim to propose 

an approach to reduce oxides. Although the first step aims to reduce oxides in 

the recast layer and help formation understanding, a recast layer remains. 

Therefore, the thesis will then propose a single stage process to produce a 

zero-recast zero-defect EDM surface through a simultaneous electrochemical 

electric discharge process, with process understanding enhanced through 

fundamental analysis. 

1.1 Aims of Thesis 

The aims of this thesis are to investigate formation mechanisms of oxides 

in the EDM recast layer, which have not been explored extensively in the 

literature, and then propose an approach to reduce oxides. These EDM recast 

layer features are an unwanted by-product of the machining process, thus 

ideally reduced or entirely removed from resulting surfaces. The thesis will 

then aim to propose a novel process which aims to produce a zero-recast EDM 

surface with zero defects in a single-stage simultaneous EDM ECM process. 

To achieve these aims, the thesis will be based on the following aims: 

 

Aim 1: Understanding of oxide formation mechanisms in the EDM 

process. Although the formation of the recast layer is well understood, a gap 

in the literature shows that oxide formation in EDM has not been explored 

extensively in depth, only through observations or brief discussions as part of 
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other works. This chapter aims to understand the influence of EDM 

parameters on surface and recast layer oxides. By altering parameters, the 

aim is to alter discharge energy and discharge/crater formation characteristics, 

as well as cooling and flushing of the spark gap. This will then enable 

understanding of the relation to oxide formation. Further fundamental 

understanding will be formed by linking the gas produced in EDM and 

parameter discharge energy, as well as high-speed images of single discharge 

crater behaviour, to formation mechanisms of oxides. This will then enable 

formation of an approach to reduce oxides in the recast layer by relation to 

EDM parameters and gap conditions.  

 

Aim 2: Create a zero-recast and zero-defect EDM surface. Although 

methods to remove the recast layer post-EDM have been produced, a method 

to produce a zero-recast surface in a single controllable process with 

understanding of process mechanisms has not. The aim of this chapter is to 

enable a method to simultaneously remove the EDM recast layer while 

machining a surface. Electrochemical dissolution was chosen as the means to 

enable this. The electrochemical and electro discharge removal mechanisms 

must be controlled in this process to ensure a desired surface. To do this, 

dielectric conductivity must be altered to control dissolution. To further control 

dissolution mechanisms, type of salt additive must be changed to induce 

discrete chemical removal mechanisms. 

 

Aim 3: To provide further fundamental process insight. To understand 

the balance between the EDM and ECM parts of the process, waveform 
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analysis must be done to view the balance of electrochemical and electro 

discharge pulses. Altered process mechanisms can then be understood 

through differences in waveforms and pulse characteristics. Gas analysis can 

be used to link to the balance of EDM and ECM by relation to the time varying 

nature of pulses and relation to the time varying gas production. To illustrate 

the overall process balance and resulting zero-recast point, a mathematical 

model must be used by using fundamental electrochemical theory and process 

pulse data, thereby allowing more generic and transferable data to be utilised 

in both academic and industrial settings. 

1.2 Outline of Thesis 

In Chapter 4, the influence of EDM parameters on surface and recast layer 

oxides was conducted. Current and on-time were altered to control discharge 

energy and discharge characteristics, and off-time and electrode flushing 

pressure were altered to control cooling and flushing of the spark gap. Oxides 

produced by EDM were confirmed via BS-SEM and XRD analysis. Detailed 

exploration of parameters was then conducted to better understand the 

relation to oxide formation. The gas produced from EDM as well as the 

parameter discharge energy were both related to the resulting surface oxide 

area and formation mechanisms. High-speed video images of single 

discharges were used to relate fundamental discharge mechanisms to 

resulting oxide formations. A constant energy experiment was then used to 

further explore influences of current and on-time on formation mechanisms by 

excluding discharge energy as a variable. 
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In Chapter 5, electrolytic-dielectrics that improve machined surface 

integrity, while maintaining machining rate, are introduced. By adding selected 

electrolytes to a conventional deionised water dielectric, material removal 

mechanisms can be altered and controlled in a simultaneous electrical 

discharge and electrochemical process which both removes material via EDM 

and removes the recast layer via ECM, producing a zero-recast surface with 

the accuracy of EDM and the surface finish of ECM. Firstly, NaCl was added 

at varying conductivities to explore the effect on the machined surface, both 

with hole depth and conductivity. After this electrochemical dissolution 

mechanisms were altered by addition of various salts, which result in discrete 

electrochemical dissolution mechanisms such as passive oxidation, 

aggressive pitting (non-passivating), and electro-polishing, resulting in varied 

resultant surfaces. These bespoke dielectrics alter fundamental machining 

behaviour to alternate between conventional EDM discharging and 

electrochemical dissolution. Analysis of the recast layer, removal rate, and 

surface analysis is conducted to relate fundamental understanding to 

quantifiable machining process output factors used in industry. For the first 

time, it is shown that machining rate is minimally affected while reducing, and 

eliminating, the defective EDM recast layer, which would otherwise need 

removal.  

 

In Chapter 6, the mechanisms behind this unique machining process are 

described through fundamental waveform, discharge, and gas analysis. 

Waveform analysis is used to understand process mechanisms and 

differences between electrolytic-dielectrics, and is used to reveal discrete 
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pulse types, and their significance to the process. The balance between EDM 

and ECM, and its time varying nature, is explored through pulse ratio analysis 

which revealed the importance of the pulse ratio, and the significance of the 

high voltage intervals to ECM removal. The differences between electrolytic-

dielectrics and conductivities are linked to resultant gas rates and changes 

with hole depth. The role of instability and the importance of gap conditions in 

process balance is explored and shown to be crucial to the process. Key 

process parameters are determined, such as EDM: ECM pulse ratio balance, 

electrolytic-dielectric conductivity, salt type, machining/exposure time, and 

electrode advance, which are crucial to producing tailored surfaces. A 

mathematical and validated model will be used to illustrate the overall process 

balance through fundamental electrochemical theory and process pulse data. 

Through this model, the point during machining at which complete recast layer 

removal occurs is predicted and validated through experimental analysis. This 

adapted EDM process has significant potential to be used for producing 

recast-free features by using an easily modified dielectric.  
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2 Literature Review 

2.1 Introduction to EDM 

Electrical discharge machining (EDM) is a non-conventional manufacturing 

process used in a wide variety of applications for example high-value moulds, 

cooling holes in turbine blades, and niche applications such as wear coatings 

on knives [1-3]. Compared to traditional manufacturing processes, which rely 

on mechanical forces such as the shearing mechanism, EDM is a non-contact 

and near zero force process which relies on thermal energy from an electrical 

discharge to melt and vaporise material for removal, regardless of the 

material’s mechanical properties. Thermal energy is produced by application 

of a potential difference between the workpiece and tool electrode. After a 

certain voltage is reached, electrical discharge occurs which causes melting 

and vaporisation of both the workpiece and tool. A dielectric surrounds the 

discharge site allowing rapid cooling and material flushing. Some examples of 

components manufactured by EDM are shown in Figure 1. 

 

Figure 1. Examples of parts manufactured by EDM: (a) Cooling holes on a 
turbine blade (hole drilling EDM), (b) micro-rod (micro-EDM) [4], (c) Car 

speaker grills (Die-sinking EDM) [5]. 
 

Electrical discharge drilling is similar to conventional die-sinking EDM with 

the main distinction being the electrode and flushing mechanisms. In die-

sinking EDM electrodes of any shape are lowered towards a workpiece 
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causing electrical discharges and removal, with the resulting shape being the 

inverse of the electrode used. Flushing is conventionally provided externally 

towards the machined surface [6], although internal channels can be 

machined for complex electrodes. In conventional EDM hole drilling, rotating 

tubular electrodes with internal flushing channels are used. The combination 

of high-pressure flushing and rotation of electrodes enables holes to be drilled 

both faster and deeper with increased debris evaluation, even wear, and faster 

removal rates, which are crucial for long and deep features machined 

economically [7, 8]. 

2.2 Generation of the Spark and Plasma Channel 

EDM removes material via electrical discharges by applying a voltage 

between two conductive materials, in a fluid medium which acts as a dielectric. 

The dielectric is used to increase the voltage at which breakdown occurs in 

order to increase the dielectric discharge strength, compared to air. This 

increase in discharge strength ensures only very high electric fields cause 

breakdown increasing the discharge energy. The ideal dielectric strength of 

air is 3 x 106 V/m, kerosene 20 x 106 V/m, and deionised water 65 x 106 V/m, 

which is when there are no defects on the surface of electrodes, the dielectric 

is pure, and the electric field is uniform. The breakdown limit is the voltage at 

which the insulative capacity of the gap has been reached, and is the true 

measure of discharge likelihood, due to the generated electric field, and 

electrical breakdown of the dielectric occurs. The breakdown strength of the 

gap depends on the dielectric strength of the liquid medium (kV/mm), as well 

as gap conditions such as gap distance, debris, gases, temperature, 
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ionisation, local electric field strength, electrode/workpiece geometry, and 

electrode surface characteristics [9-11], and is crucial to control the resulting 

surface and part dimensions. 

At the initiation stage of breakdown, an electron avalanche begins to form. 

Electron avalanches are formed when a large enough electric field causes 

acceleration of initial electrons towards the workpiece with sufficient energies 

to allow the impact ionisation of atoms, which results in free electrons and ions. 

Initial electrons are generated from radiation such as cosmic X-rays and 

ultraviolet and are required for ionisation. The initial electron thus causes a 

cascaded event of impact ionisation (of the dielectric) towards the cathode, 

which is referred to as the Townsend Avalanche. Electrons contribute more 

significantly than positive ions due to their higher kinetic energy due to being 

accelerated to higher velocities in the electric field, which when is higher than 

the ionisation energy of the colliding particle, causes impact ionisation. A 

higher initial voltage, and thus electric field, will result in an increased number 

of electrons due to the electron avalanche resulting in a shorter discharge 

delay time. Similarly a shorter discharge gap, increased surface roughness, or 

decreased breakdown voltage will decrease the discharge delay time [12]. The 

initial electron avalanche always takes place in a region of lower density such 

as a vapour bubble or fluid vortex. This is because in liquids the higher density 

increases scattering rates and lowers the mean-free paths, which reduces the 

probability for electrons and ions to reach ionisation energies. The lowered 

density increases the possibility of ionisation and thus electron avalanches. 

The possible mechanisms for low density regions are internal vaporisation due 

to Joule heating (due to electron emission by the electric field), molecular 
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decomposition due to Zener breakdown (a type of low voltage electrical 

breakdown), and micro and nano-bubbles in the dielectric or electrode surface 

[13-16]. 

As the electron avalanche propagates towards the workpiece its associated 

space charge field, which is due to its polarity, increases until it is comparable 

to the externally applied electric field due to the applied voltage between the 

electrodes. Once this limit has been reached the avalanche forms a weakly 

ionised region and is now referred as a streamer. The region of lower density, 

or bubble, then increases in size as further electron avalanches occur and the 

streamer propagates due to further impact ionisation. The high voltage 

gradient between the ionised streamer and dielectric aids further propagation. 

In fluids this transition occurs near the cathode, and the streamer extends 

towards the anode. This is called a negative streamer. The negative streamer 

has a negatively charged head due to polarity of the initial electron avalanche. 

Secondary avalanches are caused by electrons that are released due to 

photoionisation. The photons responsible for photoionisation are generated 

from atom excitation in the electric field as well as background sources such 

as cosmic rays. The electrons from the negatively charged head of the 

streamer neutralise the positive ions of the secondary avalanches. The 

electrons from the secondary avalanches then extend the head of the 

streamer causing streamer propagation [17].  

When the streamer reaches the anode, the electrons built up at the head 

enter the anode, and so a weak ionised channel is formed between the anode 

and cathode. The supplied current then flows freely through this conductive 

channel causing rapid heating, decomposition of the dielectric, formation of 
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gas, and an increase in diameter. This highly ionised channel is referred to as 

the plasma channel. 

The plasma channel heats up the surrounding dielectric as well as the 

electrode and workpiece, decomposing the dielectric into a gas which 

surrounds the plasma as a high temperature pressurised bubble [18]. During 

the on-time the plasma also grows in diameter until it reaches a maximum 

depending on electrical and gap conditions, due to further ionisation and 

decomposition of the dielectric [19, 20]. The bubble keeps expanding during 

the plasma duration, restricted by the fluid pressure surrounding the plasma 

and gas bubble, and due to the energy balance (discharge energy through the 

plasma and into the workpiece instead of the dielectric medium), until the 

voltage is switched off stopping current flow. The growth in bubble diameter 

has a linear relationship with input energy [18]. The plasma channel then 

begins to collapse followed by the gas bubble which continues to expand until 

it causes an implosion which removes molten material and splits the initial gas 

bubble due to the sudden change in pressure [21]. The dielectric then 

deionises causing free electrons to recombine and returns to being an 

insulator. 

2.3 Work piece and Electrode Material Removal Mechanisms 

The heat from the plasma channel causes melting and vaporisation of the 

workpiece and decomposition of the dielectric. Material removal is through 

melting, vaporisation, and spalling (in the case of ceramic type materials) [22]. 

Due to the high heat flux of the plasma, the heat cannot conduct into the 

workpiece fast enough, resulting in some vaporisation, which occurs at the 
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start of a discharge, with accompanying molten metal ejection [23, 24]. The 

molten pool is superheated due to the high pressure in the bubble, caused by 

the heat input from the plasma channel which causes a build-up of gases and 

pressure, which is further restricted due to the external liquid pressure [25]. 

This then prevents further and continuous vaporisation of the molten pool [24], 

due to the extremely high pressures in the gap which can reach hundreds of 

MPa [26, 27]. For example, a temperature of 4250 K is needed for the 

vaporisation of the molten pool of Ti-6Al-4V in order to overcome the plasma 

pressure, calculated via a multi-physics simulation of the melt-pool 

hydrodynamics [28]. This is why vaporisation is not considered a major 

material removal mechanism in EDM. Internal vaporisation can also result in 

explosions which help material removal [29], in addition to shockwaves caused 

by external vaporisation. Vapour pressure gradients, from both the electrode 

and workpiece, also cause shearing forces on the molten pool causing 

material removal due to high movement which causes ejection once the 

movement overcomes the bonding strength [30], which also causes the 

plasma to randomly move on the crater [31]. The vapour pressure is highest 

in the centre of a crater, thus pushing molten material out, and even after 

discharge the molten metal continues to move due to inertia [23, 28]. When 

the pressure on the molten pool overcomes the atomic bonding strength this 

can also cause molten metal to be removed from the pool and be ejected, so 

material ejection can also be throughout a discharge [32, 33]. The collision of 

the vapour jets aids this process [34, 35]. Vapour pressure depends on melting 

point of the metal, with a lower melting point causing higher vapour jet forces. 

Once the voltage has stopped and the current stops flowing, the force on the 
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molten pool decreases. This can also cause sudden vaporisation and molten 

metal ejection [36]. 

The collapse of the bubble and plasma also causes removal of molten 

material due to the sudden pressure change on the pool surface, however this 

force contributes less when the gap is filled with gas for longer on-times, 

insufficient flushing, and longer machining times [37]. The bubble expansion 

and collapse also provide a pulsating impulse force on the molten pool and 

surroundings which contributes to the removal mechanism as discussed 

above [38]. The splitting of the bubble and resulting change in flow fields also 

increase debris flushing and molten metal ejection [21, 39]. 

2.4 The Dielectric Medium 

Petroleum derived hydrocarbon oils such as kerosene are commonly used 

in die-sinking EDM as a dielectric. Alternatives are synthetically produced 

hydrocarbon oils such as isoparafin, which is a compound synthesised from 

petroleum distillates using a catalyst. Hydrocarbon oils are used due to their 

insulative properties, low viscosity for improved spark performance and 

flushing, and due to being non-polar so due not dissolve material readily. 

Deionised water (DI) is used in W-EDM and hole-drilling EDM and is a non-

corrosive and environmentally friendly alternative [40] which also has a lower 

viscosity than oil based dielectrics. H2O is a polar molecule made up of 

hydrogen and oxygen, with hydrogen sharing electrons in a covalent bond with 

oxygen. Material can dissolve by separating into anions and cations due to its 

polar nature. The polarity is due to an electronegativity difference of 1.24 

between the hydrogen and oxygen, which causes more electrons on the 
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oxygen side of the molecule causing an asymmetric electron distribution. As 

material can be dissolved in water, in EDM the water must be filtered and 

deionised to reduce its conductivity and increase its breakdown strength by 

filtering through a resin bed. Cations and anions are removed from the water 

by a sorption process known as ion-exchange [41] in which the resin consisting 

of hydron and hydroxide exchange for the ions in the water, which then 

recombine as water. A ceramic filter is also used to filter debris and bacteria, 

while a paper filter is for larger debris. 

Higher viscosity liquids, such as oil based dielectrics, also result in 

increased material removal efficiency due to increased bubble pressure and 

ejection [42], restricted plasma channel, and energy density [43], but also 

exhibit a reduced flushing ability as compared to DI. Increased cooling of water 

compared to oil also results in reduced surface cracks, but due to the larger 

heat capacity bubble pressure is decreased leading to decreased molten 

metal removal due to bubble pressure [43]. The impulse force is also higher 

with an increase in liquid viscosity due to the increased pressure on the 

plasma, bubble, and molten pool [44] and was shown to be related to bubble 

expansion and shrinkage [45].  

An increase in electrical conductivity was also shown to increase 

electrolysis and oxidation due to a leaking current [46].The higher conductivity 

of water compared to oil also results in a larger gap, overcut, lower breakdown 

strength, increased recast layer thickness, and is seen to increase with 

conductivity [47]. A higher thermal conductivity, which increases with 

conductivity, also increases the plasma channel propagation and decreases 

energy density [48].  
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Additives are also often added to dielectrics to alter machining performance. 

Powder Mixed EDM (PM-EDM) consists of a mixture of dielectric and fine 

powder and is used to reduce dielectric breakdown strength, due to smaller 

paths for electron movement and increased local electric fields, and increase 

the gap for improved stability and production of mirror-like finishes [40, 49] due 

to secondary discharges which distribute energy [50]. Surfactants, such as 

non-ionic Span 20 and Span 80 can be added to dielectrics to decrease 

surface tension and act as a dispersant to decrease particle agglomeration by 

adsorbing at the liquid air interface, so more attraction to air than water to 

water. This increases uniformity of debris dispersion and overall flushing and 

gap conditions, aided by the slight increase in conductivity which increases 

the gap width, resulting in an increased MRR and decreased recast layer 

thickness. It also improves machining in PM-EDM [51, 52]. This can be 

similarly done with oleic acid [53-55]. Dielectrics composed of organic 

compounds with larger molecular structures (particles) as compared to H2O, 

such as ethylene glycol, glycerine, polyethylene glycol 200, polyethylene 

glycol 400, polyethylene glycol 600, dextrose, and sucrose can be used to 

improve MRR (and flushing) by increased viscosity, plasma pressure, energy 

density, and higher gas pressure due to decomposition of heavier compounds 

[56-58]. Other additives such as aromatic hydrocarbons can be used to 

decrease gap voltage and delay time, resulting in increased MRR by 50 % 

[59], explained by effects on the Helmholtz double layer [48]. Breakdown limit 

can also be increased by additives such as amino acids (Zwitterion, β-Alanine, 

Glycine) and water soluble polymers (Polyacrylamide, polyvinyl alcohol, 

polysaccharide) by affecting the electric double layer and discharge 
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characteristics (localised electric fields leading to ionisation in particle 

vicinities) and by increasing the molecular size of dielectric particles (longer 

hydrocarbon chains) or additives [54, 60].  

2.5 Gap Conditions 

The constant material removal and gas evolution in EDM can cause 

problems in machining stability and control, therefore the dielectric is used to 

provide constant flushing of gas and material to restore the dielectric to 

optimum conditions. With depth, the size of gas bubbles increase [61] and 

debris evacuation decreases resulting in debris accumulation [62], worsening 

gap conditions. It can lead to concentrations of debris and molten material at 

bubble interfaces, which causes consecutive discharges at these locations 

due to the decreased breakdown limit [63, 64] and can lead to worsening of 

machining. Longer on-times especially cause the gap to be saturated with 

gases and large debris. If gap flushing is not good and debris begin to 

concentrate in one region, it can cause a cascade event which results in 

excessive sparking in the area of reduced flushing and debris or gas 

accumulation. Dielectric flushing pressure (and exit velocity) can be used to 

decrease the measured particle concentration significantly and was shown to 

increase the MRR, reduce the breakthrough stage, and improve surface finish 

[7, 65]. The effect of flushing pressure on cooling in hole drilling EDM however 

has not been explored significantly (outside of the effect on MRR and surface 

characteristics). 



 

17 

2.6 The EDM Surface 

Figure 2 shows a schematic of the EDM recast layer, which contains 

porosity, cracks, contamination, and oxides [66], which can affect the 

functional properties of the machined part [67], while Figure 3 shows a BS-

SEM image of the surface.  

 

Figure 2. The recast layer with highlighted components. Four layers are 
shown: The surface layer, recast layer, heat affected layer, and bulk material. 

 

We can see that the recast layer consists of resolidified material, workpiece 

and electrode debris, cracks, holes, and oxides. Below this is the heat affected 

layer which has altered properties due to thermal effects. Compared to the 

base material, the EDM recast layer has increased failure modes and reduced 

mechanical properties. Redistribution of elements form difference phases and 

crystal structures, resulting in altered physical properties. Due to the hard and 

brittle nature of the material due to rapid melting and quenching, crack 

propagation and growth is increased. Cracks are attributed to thermal and 

tensile stresses due to the thermal gradients. Rapid cooling causes cracks, 
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plastic deformation, and residual stress build-up [68-75]. Stress concentration 

zones are also increased when brittle oxides spall from the base material and 

due to the increased surface roughness. Below the surface the heat affected 

zone has been heated but not melted slightly altering the structure, but not the 

composition, for example the size or orientation of grains. Most of these recast 

layer components are strictly controlled in industry in surface standards; 

however, oxides are not well explored in industry or the literature. 

 

Figure 3. A BS-SEM image of the surface of the recast layer showing surface 
features: cracks, oxides, debris, and the recast surface.  

 

2.7 Oxidation 

Oxides are commonly caused by chemical reactions with oxidising species 

and metals. An oxidation reaction involves the transfer of electrons between 

two species, causing the metal to be positively charged while the oxidiser 

negative, resulting in an ionic bond due to electrostatic attraction. An atom is 

oxidised if its oxidation number increases, losing electrons. In this case, 

oxygen is the oxidising agent while the metal is the reducing agent, oxygen 

thus gains electrons. The general formula for oxidation is Metal + Oxygen → 
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Metal Oxide (2M + O2 = 2MO). In this case the oxides formed are either single 

metal oxides (such as TiO2) or mixed oxides, which are oxides with cations of 

more than one chemical element (such as AlTaO4).  

The likelihood of oxidation can be partly explained by element oxygen 

affinity, which can be obtained from Ellingham diagrams. These diagrams plot 

the Gibbs standard free energy in kJ mol-1 with temperature and partial 

pressure, with a lower value denoting higher affinity for oxidation [76-79], an 

example of which is shown in Figure 4. The slop of each line is the change in 

entropy, which is positive for oxide generation due to an increase in order, and 

the intercept of the line is the enthalpy, which is negative as oxidation gives of 

heat. Lower reactions on the figure are more likely to occur relative to other 

reactions on the figure and are more stable, as compared to gold oxides which 

rapidly reduce. The partial pressure below which oxidation is not likely to occur 

as it is lower than the equilibrium partial pressure can also be found using the 

diagram.  

The use of Ellingham diagrams can be considered a guide to understanding 

oxide formation and comparisons between element oxidation, and not a tool, 

due to the formation of oxides in EDM not occurring at equilibrium and also far 

above the temperature range of oxidation data obtainable.  

The Gibbs Standard free energy is the change in Gibbs free energy 

between the products and reactants of a reaction, which depends on the Gibbs 

free energy, product/reactant activity, and temperature of the reactant gas. 

The Gibbs free energy can be described as available energy to do work in the 

system, and is defined as G = H – TS, where G is the Gibbs free energy, H is 

the enthalpy, T is the temperature, and S is the entropy. If we assume the 
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change in free energy occurs at constant temperature and pressure, then the 

change in free energy is zero. This results in G = G° + RTln(p / p°) (for gases), 

where G° is the standard free energy, R is the gas constant, p is the partial 

pressure, and p° is the standard pressure. (p / p°) is a measure of the reactant 

activity, which is a measure of the ability of a component to take part in a 

reaction (the quantity of a component compared to its standard state which in 

this case is standard atmosphere). The change in Gibbs free energy between 

products and reactants can then be expressed as ΔG = GC – (GA + GB), where 

A is the metal, B is oxygen, and c is the oxide, which results in ΔG = ΔG° + 

RTln(Q). Q is the reaction quotient (measure of reaction activity) and is equal 

to (amO2 / am pO2), where amO2 and am are the measure of activity for the metal 

oxide and metal, and po2 is the activity for oxygen (the partial pressure). Activity 

of the metals is defined as γX, where X is the metal concentration (mole 

fraction) and γ is the activity coefficient determined experimentally. If we don’t 

have γ we can assume ideal behaviour at standard state (solid) and take as 

unity. At the equilibrium point of the reaction the change in free energy is zero, 

therefore ΔG° = -RTlnKp, where Kp is defined as the equilibrium constant which 

can be simplified as (1 / pO2). From the value of ΔG°, the equilibrium partial 

pressure of O2 can be found, which is the partial pressure of oxygen where no 

reaction occurs.  

If the partial pressure is higher than the equilibrium partial pressure then the 

Gibbs standard free energy is negative resulting in a driving force for oxidation, 

which continues until the partial pressure of oxygen settles back at equilibrium. 

Therefore, if the Gibbs free energy of the product is smaller than the reactants, 

the change is negative. While the change remains negative the reaction 
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continues, changing the proportion of reactants and products, thus the 

negative change is the driving force of the reaction and only stops once the 

change is zero. This essentially means that driving force for a particular 

reaction is higher when the Gibbs Standard free energy is smaller (more 

negative) showing that it has the highest likelihood of reacting to form oxides. 

For alloys, the oxidation of a specific element depends on its activity in the 

alloy (γX), which depends on the concentration in the alloy and likelihood of 

reaction or element interactions. This changes the free energies and partial 

pressures of the reactions, changing the reaction likelihood. 

Therefore, we can see that oxidation depends on temperature, oxygen 

partial pressure, and reactant concentration. Also, in this case the reaction is 

a heterogeneous reaction, which is a reaction involving two or more phases 

(gas and liquid), therefore the rate also depends on the surface/interface area 

available for reaction (which alters the activity). Compared to solids, molten 

metals are said to have 3 to 20 orders of magnitude higher diffusivity which 

explains the rapid oxidation of the molten metal [78]. Oxygen solubility is high 

in liquid metals and increases with the above stated variables increasing 

oxidation. 
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Figure 4. Ellingham Diagram for various oxides showing Gibbs standard free 
energies for oxidation reactions and partial pressures of oxygen [78]. 

 

Oxygen is required for the oxidation reaction. The oxygen is provided by the 

dielectric used in EDM, either by decomposition of H2O due to the thermal 

energy of electrical breakdown in the water splitting process, shown in 

Equation (1), or by electrolysis of H2O in Equation (2). 
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  2 H2O → 2 H2 + O2  (1.1) 

  H2 → 2 H  (1.2) 

  O2 → 2O  (1.3) 

  OH → O + H   (1.4) 

     

Oxygen and hydrogen can only be directly produced via water splitting at 

extremely high temperatures of higher than 3000 K [80]. At 1800K and ambient 

pressure water vapour begins to split into a mixture of H2, O2, O, H, and OH, 

and above 3500K the constituents also split completely into O and H [81]. Even 

at 3000K only about half of H2O is decomposed fully. The EDM plasma 

however reaches temperatures ranging from 4000 K to 8000 K [82] resulting 

in complete water splitting in the vicinity of the plasma channel. 

Oxygen can also be supplied to the discharge gap through the electrolysis 

process, due to charge being carried by charge carries causing oxygen 

evolution. Gas bubbles form at the electrodes due to decomposition of DI when 

the voltage is applied due to electrolysis. This produces hydrogen H+ 

(Equation (2.1)) and hydroxide OH- (Equation (2.3)). H+ then forms hydrogen 

at the cathode (Equation (2.2)), while  OH- forms oxygen at the anode 

(Equation (2.4)) [83].  

  2H2O → O2 + 4H+ + 4e− (anode)  (2.1) 

  4H+ + 4e- → 2H2 (cathode)  (2.2) 

  4H2O + 4e− → 2H2 + 4OH− (cathode)  (2.3) 

  4OH- → O2 + 2H2O + 4e- (anode)  (2.4) 
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2.8 Oxides in EDM 

Oxide layers are sites of potential cracks, are brittle, are prone to spalling, 

potentially contributing to premature part failure or contamination, have lower 

melting temperatures, are porous and loose, and are difficult to control. The 

border between oxides and the resolidified surface also has thermal and 

tensile gradients due to different thermal expansion and conductivity. They are 

also known to inhibit coating adhesion in certain manufacturing processes. 

Although most components of the recast layer have been studied in depth, 

there is limited research concerning oxides. 

Oxides are generated in the EDM process when molten metal from 

discharges chemically reacts with oxygen in the discharge gap, either from 

oxygen or air in the discharge gap during dry-EDM [84], or from decomposition 

or electrolysis of DI into oxygen and hydrogen [43]. As DI is commonly used 

for hole drilling, decomposition during the EDM process can be considered the 

main source of oxygen necessary for oxidation of the work piece. 

Following electrical breakdown of the dielectric, the discharge sites are 

surrounded by a gas bubble (in liquid dielectrics) and a plume (in gases) [18] 

as well as the entire length of the plasma channel [85], confirmed by high 

speed imaging of single discharges. The discharge plasma, discharge site, 

and molten metal, is therefore surrounded by a large amount of oxygen, which 

can cause oxidation of the workpiece material.  

Liao et al. showed that in EDM an increase in conductivity causes a current 

leakage when the open voltage is applied, as shown through discharge 

waveform analysis. This was then attributed to electrolysis, which is known to 

produce gases  [46]. Munz et al. also observed current leakage in EDM due to 
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electrolysis and observed gas generation, which ultimately led to oxide 

formation on the electrodes [86]. 

Zhang et al. studied the EDM surface and recast layer of a carbon steel 

workpiece in water, oil, and water-in-oil (W/O) emulsion and noted that iron 

oxides were only present on the surface of the water and W/O emulsions and 

not oil [43]. However, no iron oxides were present in the recast layer of the 

W/O emulsion, which was attributed to the decreased amount of water and 

subsequent decomposition into oxygen in the discharge gap. It was also noted 

that more oxides were present when machining with higher energy parameters 

due to the increased decomposition of the dielectric into oxygen and due to 

the increased local temperatures. 

Through high-speed imaging of the discharge gap Wiessner et al. [18] also 

showed that an increase in discharge energy increased the maximum single 

discharge bubble diameter, which shows an increased amount of gaseous 

products, while Kanemaru et al. showed that it also increased the bubble 

lifetime till collapse [85]. The increased amount of decomposed dielectric and 

bubble lifetime would then lead to an increase in generation of oxides due to 

increased supply of oxygen, local temperatures, and total reaction time. This 

was confirmed by Yadav et al. who noted that lower discharge energies tended 

to produce less oxides while increased discharge on-times tended to increase 

oxides due to more time for the oxidation reaction [84]. They also showed that 

increasing the percentage of oxygen in the gap, through control of the gas 

dielectric composition, subsequently increased the percentage of oxygen in 

the workpiece. The material removal rate was also improved, which was 

explained due to the heat generated in the exothermic oxidation reaction in 
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the molten pool, which increased melting and temperature during both the 

discharge on and off-time. This was also noted by Kunieda et al. who 

machined using air and oxygen rich dielectrics [87], and also Zhang et al. who 

showed an increased recast diameter and depth of craters in single discharges 

in oxygen compared to air [42]. Both explained the observation by the 

increased released heat into the discharge gap. Similarly, Lauwers et al. who 

investigated the material removal mechanisms of composite ceramic materials 

attributed the energy released during oxidation to the increase in MRR. A 

Si3N4-TiN workpiece was compared to ZrO2-TiN and Al2O3-SiCw-TiC 

workpieces, and the material removal rate was larger in the Si3N4-TiN 

workpiece. This was attributed to the fact that the Si3N4 and TiN was oxidised 

to SiO2 and TiO2, while for ZrO2-TiN and Al2O3-SiCw-TiC no oxides were 

formed [22]. 

Kibria et al. who compared machining Ti-6Al-4V in deionised water and 

kerosene [50] found that when using oil, TiC was formed, while in water TiO2 

was formed. The higher melting temperature of TiC (3150 °C) resulted in 

needing a higher discharge energy to improve the material removal rate as 

compared to machining in water where the melting temperature of TiO2 is 1750 

°C. The increased release of oxygen was also explained to cause increased 

removal (overcut). This was also noted by Chen et al. who also machined a 

Ti-6Al-4V workpiece in deionised water and kerosene and suggested that an 

increase in MRR may be due to oxidation as the TiO2 has a lower melting point 

and therefore requires less discharge energy in machining [44]. As well as 

different melting temperatures Yadav et al. explained that oxides in the EDM 

recast layer are more easily removed than the re-solidified material as they 
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are less likely to redeposit on the surface and are easier to flush away and 

flake off, explained due to the loose structure and lower density [84]. The 

recast layer also showed considerably more cracks when machining in oxygen 

as compared to air, due to the present oxides. Spalling is accelerated by 

formation of cracks on the oxide surface and also makes subsequent spalling 

easier. The border between the oxide and resolidified surface promotes 

thermal gradients and tensile stresses due to different thermal expansion and 

conductivity and also promotes crack formation and spalling [22, 88].  

All of the above literature only briefly mentions oxides through discussion 

from observations, there is little in-depth literature on oxides on EDM surfaces, 

however more work has been done on oxides on laser drilled holes on nickel 

super-alloys. Oxides are common on laser drilled holes, both on the surface 

and as inclusions [89]. Sezer et.al. showed oxides on the surface of Nimonic 

263 as well as inclusions, that were increased with slower heat transfer rates 

which also resulted in slower solidification rates [90]. Leigh et.al. explored the 

recast layer and oxides in CMSX-4 and explained that a reduction in the 

energy density supplied reduces the molten pool surface temperature, 

decreasing vapour pressure and thus molten pool ejection resulting in molten 

metal with longer exposure times for oxidation. It was shown that reducing the 

amount of oxygen particles supplied to the molten pool reduces the oxidation 

rate too. Gas pressure was shown to have a parabolic relationship with oxides, 

with low pressures having low oxides due to reduced oxygen, and high gas 

pressures having low oxides due to increased cooling, ejection (reduces 

molten metal for oxidation and increased flushing) and fracturing of the brittle 

oxides. Therefore it was shown that increased molten pool ejection with less 
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oxygen supplied produces least oxides [91]. De Luca et.al explained that Ni at 

1700 °C can absorb >10 at.% oxygen and that Al, Ti, and Cri are potent oxide-

forming elements, resulting in the surface oxides. Al was shown to have the 

highest affinity with O and so was more prevalent [92].  

De Luca et.al also suggested mechanisms for oxidation of the molten pool, 

which was not well explored in the literature for laser melting. The oxygen was 

said to react with the molten pool and separates from the molten alloy, 

dispersing particles of molten oxides throughout the melt pool based on the 

strong Marangoni convention driven by the surface tension gradients. Oxides 

then accumulate towards the surface of the melt pool at the edges due to 

Marangoni forces due to the lower density of oxides, and reintroduction into 

the pool is prevented by bad wettability. It was explained that the solidification 

front may also push the dispersed oxides into the remaining molten pool, 

pushing it towards the surface and edges. Higher energy densities can also 

cause ejection of oxides. 

The recast layer has been studied extensively; however, oxides have not 

been studied in depth, only through observations or brief discussions as part 

of other works. To date, no detailed analysis concerning oxide formation 

mechanisms in EDM has been made. The relationship between discharge 

energy and discharge/crater formation characteristics, as well as cooling and 

flushing of the spark gap, and oxides, has not been explored, only cursory 

observations have been made.  
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2.9 Improvement of the EDM surface and Introduction to 

Electro-chemical removal of the recast layer 

Although the recast layer can be minimised through careful parameter 

optimisation at the penalty of reduced machining rate [47, 93-96], the recast 

layer cannot be eliminated from EDM surfaces without post-machining 

removal. Such removal methods include grit blasting [97, 98] and magnetic 

abrasive machining [99, 100]. These methods increase production cost 

considerably and the resulting surfaces may have increased roughness and 

embedded particles [101], which also impacts part performance. 

Electrochemical machining (ECM) is an alternative non-conventional 

machining process which can produce high integrity surfaces without recast 

layers. However, in some applications such as high aspect ratio holes, EDM 

is preferred due to machining accuracy and higher removal rate. 

Electrochemical machining occurs when a potential difference is applied 

across a workpiece and electrode causing current flow across a conductive 

electrolyte (due to the motion of ions and electrons). This current flow causes 

dissolution of the workpiece into the electrolyte (Me → Men+ + ne-) following 

Faraday’s Law (m = Q/F·M/z) where m is the mass transfer, Q is the charge, 

F is Faraday’s constant, M is molar mass, and z is electron valence. Hydrogen 

and hydroxide are also formed at the cathode as shown in Equation (2.3), 

while oxygen is produced at the anode. The metals in the workpiece give up 

electrons (oxidation) to the electrolyte ions (reduction), which are usually salts, 

and are lost into the gap. They can also form metal hydroxides when reacting 

with OH- [102, 103]. Metal salts can also be formed, however these breakdown 



 

30 

rapidly releasing the metal into the gap. Oxide layers can also be thinned down 

to electrochemical removal. 

Different electrolytes result in different electrochemical removal 

mechanisms. Passivating electrolytes contain oxidising components such as 

nitrates, chlorates, or sulfates, which when a current is passed transfer charge 

and promote the formation of oxygen/OH- and oxide layers on the metal-liquid 

interface by reacting with oxygen. These salts are unable to dissolve material 

directly and rapidly and thus have a lower current efficiency, however are still 

able to breakdown the passive layer causing controlled and some pitting. In 

addition to oxide formation, oxygen and hydrogen evolution may also occur 

due to electrolysis, as the presence of oxides act as a catalyst for further gas 

generation as oxides are generated at lower potentials than gases. Non-

passivating electrolytes, such as NaCl, do not form these oxide layers and 

often result in aggressive removal such as pitting by breakdown of oxide and 

passive layers through adsorption of Cl- [104, 105] and are capable of directly 

dissolving metals. Removal is possible over the entire current density 

therefore current efficiency is high. There are different forms of 

electrochemical removal. Mass transport limited control is the movement of 

atoms and ions through a film layer towards the metal surface, metal-oxide 

interface, or oxide-liquid interface. If the layer is a viscous (too much products), 

salt (concentration of salts to the surface), or thin oxide film, then the limit is 

product removal. If there are a limited supply of salts or oxygen then the 

removal is reactant limited. In both of these cases the process is occurring as 

fast as possible and through stochastic means which can result in a polished 

and controlled surface. These layers form part of the Double layer, which is 
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when oppositely charged ions form on the electrode via adsorption and above 

this opposite charges attract decreasing in concentration till the bulk, forming 

the diffusion layer. Charge is stored and discharged in this layer, decreasing 

with distance, and affects electrical characteristics. In pulsed applications this 

layer is time varying in terms of charge and geometry and is affected by 

differences in gap resistances. Pitting is aggressive removal of workpiece 

material through accelerated removal, either when there is no formed oxide 

layer or through breakdown of the oxide layer and increased passage of 

anions to the exposed metal [106]. Electrochemical levelling is the macro scale 

process when a surface is levelled due to the differences in potential between 

peaks and valleys, which results in more removal on peaks resulting in a 

levelled surface. Electrochemical polishing is the micro scale process when 

atoms are removed through controlled means stochastically where removal is 

delocalised from geometry due to transport limited control, resulting in removal 

of defects at the scale of visible light. Polishing is thus at the micro scale 

compared to levelling and is controlled through surface layers. 

Post-process electrolytic removal can also be used to remove EDM recast 

layers via electrochemical dissolution [107-109]. Once again however this 

approach adds significant time and cost to the overall process chain. 2-step 

combination processes of EDM and ECM within the same machine tool have 

been demonstrated to eliminate the recast layer. An example of this is a two-

step W-EDM removal method where first a surface is machined with EDM to 

allow high bulk material removal rates, after which the gap is changed and 

electrolyte is used to remove the recast layer [110]. However, this setup 

involves a change of electrolyte and effectively combines two distinct 
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processes in a process chain. The adaptation to machine architecture to 

distribute both electrolyte and dielectric should not be underestimated. 

A similar process using disks to cut material was used in a sequential EDM-

ECM process on the same machine tool [111], in which the recast layer was 

shown to be removed via cracking at micro-cracks due to tensile stress, 

bubbles, and fluid flow. Once again, this process involved removal of the EDM 

oil and replacement with an ECM electrolyte, and therefore is a complex 

arrangement difficult to implement in a regular production system. It is clear 

that electrochemical methods are particularly effective in recast layer removal 

given the absence of a deformed layer from mechanical methods, or a heat-

affected layer from thermal methods. It is therefore of interest to utilise the 

anodic dissolution electrochemical removal mechanism to produce a 

metallurgically ideal surface. EDM dielectrics have the potential to be exploited 

as a delivery mechanism for electrolyte type fluids to enable ECM and EDM in 

a combined process.  

 

Processes that combine electrochemical and electrical discharges (ECDM) 

have been explored previously, mainly to machine non-conductive and metal-

matrix composite materials [112] using NaOH, KOH, or NaNO3 at high 

conductivities (10 mS/cm to 100 mS/cm) [113-116]. In ECDM, a gas layer is 

produced over the cathode due to cathodic hydrogen generation via the 

electrolysis of water. This gas layer then acts as a dielectric, which when in 

the vicinity of a non-conductive material, can cause an electrical discharge 

between the electrode and the gas interface which causes melting and 

vaporisation of the material. At the same time, electrochemical dissolution can 
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aid material removal. This process has also been used for the machining of 

conductive material in high conductivity liquids [117], however as discharges 

are the main mechanism of material removal, recast layers are still present on 

the machined surface.  

In ECDM, other adaptations have been made in an attempt to reduce the 

size of or remove the recast layers in this combined process. The recast layer 

can be somewhat reduced using lower conductivity fluids (1 mS/cm to 5 

mS/cm [118-122]), while Zhang et al. [123] showed some evidence that some 

recast layer could be removed after sufficient time. However, the evidence for 

this is poor and the work does not attempt to explain the mechanisms nor 

attempt to balance the contribution of ECM and EDM in their hybrid process 

to propose methods to control resulting surfaces and process characteristics. 

The use of EDM combined with ECM has so far only been observed in a 

superficial manner, with material removal rate (MRR), tool wear and macro-

scale surface features being explored. However to the best of our knowledge, 

no attempt has been made to interrogate the impact of a conductive dielectric 

on the spark-dissolution balance and removal mechanisms, surface 

morphology, or attempt to explain process behaviour. 

 

By combining EDM and ECM removal mechanisms in a single controllable 

process by use of electrolytic-dielectrics the machining steps are reduced from 

at minimum two to a maximum of one step, and on a single standard EDM 

machine with only an EDM generator. This reduces capitol cost, increases 

throughput, reduces optimisation steps, and can easily be retro-fitted to 

existing machines by replacing DI with electrolytic-dielectrics. The proposed 
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method also has the advantageous ability to produce high aspect ratio holes 

quickly with no surface damage. 

Exerting control over the spark and anodic dissolution balance will 

hypothetically lead to the capability of producing a controlled and tailored 

surface with no recast layer. 
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3 Experimental Methodology 

3.1 Machining & Equipment 

Machining experiments were performed on an AgieCharmilles DRILL 20. 

Constant electrode rotation (36 RPM) was used to ensure even wear, 

machining depth, and hole profile [8]. Internal electrode flushing was used for 

all trials using the in-built high-pressure pump, set manually through the 

machine pump pressure gauge. 

 

Figure 5. 0.3 mm initial oxide formation experimental set-up using a hollow 
brass electrode using surface and breakthrough flushing. a) Shows normal 
machining, b) shows breakthrough without and with breakthrough flushing. 

 

For machining in Chapter 4 for the initial oxide formation experiment, a 

schematic of the machining set-up is shown in Figure 5, which shows the 

workpiece, electrode, and close-up of the discharge site. Surface flushing was 
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used to ensure that the electrode and machining surface were submerged in 

deionised water, by using a 3D printed SLA part with two dielectric outlets on 

either side of the machining site. The default machine surface flushing outlet 

pressure was used. This was done to ensure good entry surface quality and 

aid in the flushing process. A third flushing stage was used to submerge the 

electrode and machining site with deionised water during electrode 

breakthrough stage to improve flushing and machining. The dielectric outlet is 

placed directly below the electrode exit point beneath the CMSX-4 workpiece. 

This is done to reduce breakthrough time. Breakthrough is defined as the 

instant where the workpiece bottom surface has been opened up due to 

discharges, as shown in Figure 5b [124]. At this point, dielectric from the 

electrode exits through this hole instead of returning along the electrode back 

to the surface. This significantly reduces the amount of dielectric surrounding 

the sparking sites, thus leading to unstable sparks due to unstable gap 

conditions. Breakthrough flushing is thus used to introduce needed dielectric 

to the spark gap to improve material removal. 

For all other experiments the set-up in Figure 6 is used, in which the 

workpiece is held in a fixture that also allows for simultaneous gas collection. 

In this case side flushing is used from one side and the electrode does not 

penetrate through the workpiece surface (blind holes). The gas collection 

method will be discussed later.
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Figure 6 - Experimental set-up for gas collection. Bubble guide and eudiometer used to collect gaseous products generated from 
the process. Video recorder to view changes in gas level.
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Deionised water (DI) of conductivity 1 µS/cm was produced using the 

external dielectric filtration unit on the machine, consisting of a cartridge filter 

(large debris), resin deionisation unit (removal of ions), and ceramic filter 

(removal of bacteria through pores). Electrolytic conductivity was measured 

using a Mettler-Toledo S3 conductivity meter before machining, which 

measures the response by applying a current between two electrodes.  

To ensure repeatability, before each experimental run an EDM redressing 

step using a graphite electrode as the redressing surface was utilised to 

ensure that the electrode tip had no remnants from previous machining by 

removal of the electrode tip curvature due to previous wear. This is also done 

to minimise impact on breakthrough machining, as it will reduce the volume of 

material machined during the reduced flushing breakthrough stage, effectively 

shortening the breakthrough stage. If the electrode front is flat, at breakthrough 

the electrode will break straight through, as only a very thin layer of material is 

needed to be removed. If the curvature of the electrode is high, the bottom of 

the hole will be curved, therefore at breakthrough this curved region will need 

to be removed, leading to a large amount of material to be removed at this 

stage. 

3.2 Machining Data Acquisition 

Machining time was obtained from the electrode movement depth-time 

graphs generated by the EDM machine, an example of which is shown in 

Figure 7. Machining time is defined as the time from initial discharge to end of 

machining. For Chapter 4 this is at breakthrough, while for Chapter 5 and 6 

this is when the set machining time has completed.  
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For Chapter 4 machining is separated into three stages, which can be 

distinguished by the change in gradient of the electrode advancement, as 

shown in Figure 7. The first is the bulk material machining stage. The second 

stage is when the electrode breaks through the workpiece and flushing 

capability is reduced causing reduced machining speed. The third stage is 

when the electrode has finished machining the hole and advances freely, 

shown through the increased electrode advancement speed. This stage can 

be detected through the change in electrode advance speed, frequency of 

normal discharges, or flushing back pressure [124], however electrode speed 

was chosen as it can easily be obtained and interpreted. This stage is 

necessary to determine machining time via depth-time graphs. Although the 

breakthrough stage is clear in Figure 7a, some parameter combinations, such 

as in Figure 7b, resulted in either unclear or near-zero length breakthrough 

stages.  Therefore, for all machining runs the bottom of the workpiece was 

continuously observed until sparks were visible. The depth-time graph at this 

point was captured to pinpoint the exact breakthrough start time for all runs.   

 

Figure 7. Example depth graphs obtained from the EDM machine. a) Depth-
time graph of an example hole, showing three distinct regions: 0-3 seconds 
normal machining, 3-8 seconds breakthrough machining, 8 seconds finish 
machining. b) Shows a hole with an unclear breakthrough stage start point. 
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To produce accompanying hole depth with time data, which was used in 

Chapter 6 to correlate to gas generation, the machine Z-axis depth graphs, as 

shown in Figure 7, were used to produce approximate wear with time plots as 

shown in Figure 8. Equation (3) shows how the real depth curve was 

generated. z is the machine Z-axis depth, w is the electrode wear.   

 

  𝑑𝑧 ∝ 𝑑𝑤  (3.1) 

  
∆𝑧

𝑍𝑒𝑛𝑑
=

∆𝑤

𝑊𝑒𝑛𝑑
  (3.2) 

  ∆𝑤 = ∆𝑧
𝑊𝑒𝑛𝑑

𝑍𝑒𝑛𝑑
  (3.3) 

 

The machine Z-axis depth change can be related to the MRR of the 

process, with no consideration for electrode wear. Therefore, the hole depth 

is recorded as larger than it is due to the additional loss of depth due to 

electrode wear. The actual hole depth cannot be obtained purely from the 

MRR data without obtaining the electrode wear. As the change in wear should 

be proportional to the change in MRR (as only electrical discharges remove 

the majority of the frontal electrode material), we can assume any change in 

rate of MRR is reflected as a change of rate of electrode wear. This is shown 

as the change in gradient in Figure 8, where a change in the gradient of the 

machine Z-axis is reflected in a change in the wear and the hole depth. 

Electrode wear was only obtained at the end of machining (method in Figure 

9); therefore, intermediate values must be obtained by using the change in 

machine Z-axis at each step. A higher change in Z-axis shows an increase in 

MRR, and thus increase in wear. Equation (3.2) shows that we can equal the 

change in machine Z-axis at each step, as a proportion of the final Z-axis 
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depth, with the change in wear at each step, as a proportion of the final wear 

value. Equation (3.3) is then used to get the change in wear at each step. This 

essentially produces a wear curve that is directly proportional to the Z-axis 

machine depth curve. 

 

 

Figure 8.Showing method to calculate actual hole depth from machine depth 
and final wear value by considering wear to be proportional to change in 

MRR. 
 

Electrode wear was measured by calculating the z-axis difference using a 

reference surface, before and after machining, as shown in Figure 9. 
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Figure 9. Method for calculating electrode end wear using a reference 
surface, done before and after machining. 

 

3.3 Gas Collection and Analysis 

To measure the volume of gas generated for each type of salt mixture a 

fixture was made to collect gases from the process, as shown in Figure 6. To 

control gas collection a tank was made to submerge the workpiece in 

dielectric. This was done to ensure no gas escape. To guide the bubbles for 

gas collection, a tent-like guide was made to surround the discharge site and 

electrode. This both ensures no gas leakage and complete submersion of the 

machining site to ensure no outside gases are present and enter the 

eudiometer. The funnelled gas then gets collected in a eudiometer tube, filled 

with dielectric prior to machining, which is displaced as gas fills the tube. The 

eudiometer tube was selected to be of a high length to diameter aspect ratio 

to ensure improved gas level reading, therefore the length is large in 

comparison to its diameter. Gas volume measurements were taken from the 

eudiometer tube volume graduations and for Chapter 5 volume level was 

recorded with a camera for more data points with time. 
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To measure the change in gas level with time Matlab was used. Using 

Matlab Video Labeller, ground truth data was produced, as shown in Figure 

10. Ground truth data is data containing positive instances, for example 

images of correct gas levels, defined by bounding box and time locations. 

Approximately 200 positive labels were manually obtained. This positive data 

was used to train an aggregate channel features detector with 10 training 

stages. An aggregate channel features detector is a classic object detection 

detector (compared to deep learning) which compares channel pixel values 

(R, G, B, greyscale, transformed) of positive training data with the video it is 

being trained on. Positive results are matches which are close to the positive 

training data images selected previously, ranked according to matching 

scores. Negative instances are obtained during training. The trained ACF 

detector was then used on new gas level videos by using a sliding window to 

scan every frame of a video and comparing it to positive instances, 

distinguishing it from the background. Each detected gas level is given a 

confidence score. Confidence scores lower than a set threshold, which is 

selected manually to be high enough to not select false positives, are removed, 

resulting in accurate gas level measurement. 
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Figure 10 – Method for measuring gas level using Matlab by producing 
ground truth data of positive level instances and training an ACF type 

detector. 
 

Gas chromatography (GC) was used to do an initial test on gas composition 

from EDM generated gases. Gases were produced and sealed for analysis in 

the GC. Gases are passed through a winding tube column carried by an inert 

carrier gas, through a detector. The components of the gas pass through at 

different rates depending on the chemical and physical properties. The 

Thermal conductivity detector (TCD) and the Flame ionization detector (FCD) 

were used. The TCD measures changes in thermal conductivity of gases and 

compares to the carrier gas, which is done by detecting a change in voltage 

due to the gas decreasing the thermal conductivity as it passes through a wire 

passing a current, thus increases the filament temperature and resistivity. This 
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is then compared to the carrier gas. The FID detects ions formed during 

combustion of gases, but can only detect combustible gases.. The 

components of the analysed gas can be detected by order in which the 

components reach the detector (time) while the area response shows the 

proportion, which must be calibrated with a sample of known concentration 

3.4 Waveform Capture and Analysis 

The set-up shown in Figure 11 was used to capture current and voltage 

waveforms. A Pearson current monitor model 150, with 0.5 V/A sensitivity was 

used to measure the current waveforms by producing a current proportional to 

the measured current due to the generated magnetic fields. A Rohde & 

Schwarz RT-ZD01 high-voltage differential probe with 100 MHz bandwidth at 

1000:1 attenuation rating was used to measure the voltage waveforms, which 

measures the voltage drop across resistors. A Rhode and Schwarz RTB2000 

oscilloscope with sample rate of 2.5 G sample/s and bandwidth of 70 MHz was 

used to process the current and voltage data. 
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Figure 11. Showing waveform capturing set-up consisting of a current and 
voltage sensor and oscilloscope to view and record waveforms. 

 

3.5 High-speed video imaging 

To view discharge molten metal pool phenomena, high-speed imaging was 

used to prove and visually explain oxidation mechanisms. In this case 

machining has been conducted in air due to inability to observe the molten 

pool in water (due to gases).  

A Shimadzu HPV-X2 high-speed camera lent by Shimadzu and used at the 

Kunieda lab, University of Tokyo, was used in conjunction with a microscope 

lens, lens filter (laser bandpass) and Cavi-Lux Smart laser control unit (HIS), 

laser illumination source, and focuser to view the discharge site. A NF Wave 

Factory WF1944B 15MHz and NF Bipolar DC BP4620 power supply and pulse 

generator were used to supply the single discharge pulse. A 200 MHz 2.5 GS/s 

Tektronix MDO3024 mixed domain oscilloscope was used to record the 

discharge in conjunction with a current and voltage sensor (Pearson 101 

current sensor). A trigger was connected between the camera, oscilloscope, 
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laser, and pulse generator. Once the power supply was initiated and current 

starts to flow, the oscilloscope trigger switches on the laser and camera. The 

current, voltage, and gap-width were kept constant between all tests. A micro-

meter stage was used to set the gap width to 10µm. A framerate of either 1 

million or 10 million FPS was used for all recordings. The electrodes were 

rounded to ensure sparking would occur within the camera frame. 

 

 

Figure 12. Shows the set-up used to view single discharges utilising a high-
speed camera and laser illumination. 

 

3.6 Sample Preparation 

To view the machined surface, holes were sectioned using an abrasive 

cutting disk (Brilliant 220 Precision cutting) and then manually ground to reach 

the centre of each hole, using the fixtures in Figure 13, and resulting in holes 

as shown in Figure 14. The fixtures were used due to the small sizes of the 

samples, which could not be mounted due to affecting the EDM surface. 
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Figure 13. Fixtures to grind for recast layer analysis, ensuring flat and even 
polishing for small samples. (a) Used for 0.3 mm holes in 1.4 mm thick 

CMSX-4, (b) used for 1.9 mm holes in 20 mm thick Inconel 718. 
 

Samples were mounted and polished to a mirror finish and then etched 

using V2A etchant (100 ml water, 100 ml hydrochloric acid, 10 ml nitric acid) 

to reveal the recast layer. Recast layer average depth measurements were 

obtained by calculating the recast layer area from the SEM images and 

dividing by the length of each SEM imaging area to obtain an average recast 

layer depth measurement. 

 

 

Figure 14. Showing hole geometry. Section A shows the section taken for 
surface analysis. Recast layer is taken on both sides of the Section A. 
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3.7 Sample Characterisation 

3.7.1 Surface profilometry 

An Alicona G4 focus variation instrument was used to image and quantify 

the surface roughness of the machined surface. The surface datasets were 

separated into roughness and waviness profiles using a Gaussian filter with 

cut-off 250 µm to effectively remove the hole curvature from the scanned 

surfaces for improved roughness comparison using the Sa, Ra, Sz, and Rz 

roughness parameters, which will be discussed in more detail in later sections.  

3.7.2 Scanning Electron Microscopy and Energy Dispersive X-

ray Spectroscopy 

Backscattered (BSE) and secondary electron (SE) microscopy using the 

FEI Quanta600 SEM were taken of the hole surfaces to assess the surface 

and recast layer. Energy dispersive X-ray detectors were used for composition 

analysis for the identification of areas of oxides. 

For the EDS spot analysis six 0.232 mm by 0.232 mm EDS spot map 

images were taken along each hole for the 0.3 mm holes, while 1.15 mm by 

1.15 mm were taken for the 1.9 mm holes, with a 45 second scan time, 

accelerating voltage of 20kV, and spot size of 5. The area of oxides on the 

surface was obtained by calculating the area of the oxygen rich zones via EDS 

images by firstly binarising the images and using Matlab to calculate the total 

area of the oxygen rich zones, as shown in Figure 16. This method was 

preferred to EDS point analysis or XRD analysis as a quantitative technique, 

as XRD analysis isn’t suitable for the amount of samples needed to analyse 
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(due to resources used), and EDS point analysis does not give any information 

concerning position of possible oxides on the surface topography, compared 

to EDS spot map results. X-ray Tomography could be used to calculate oxide 

volumes, however due to the number of hole and sample required this was not 

a feasible process, therefore the surface approach is a good estimate for 

oxides in the recast layer. Because this is a comparative study the absolute 

oxide area is not as important, more so which parameter has the most 

influence. To confirm that the EDS analysis was accurate in terms of 

identifying oxide rich zones, XRD analysis was performed to confirm and 

identify which oxide phases were present.  

 

Figure 15. Showing EDS sampling regions, and spot maps produced. The 
Oxygen spot map was used for binarisation and estimation of oxide area. 
Numbers denote surface captures, 1 is the top and 6 is the bottom of the 

hole. 
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 In addition to the EDS oxide analysis for oxide area measurement, the 

back-scattered electron SEM images were used to also calculate a surface 

oxide area by measuring the area of oxide regions on the surface as shown in 

Figure 16, which shows the same hole as Figure 15. 

The oxide regions are clearly visually distinct from the bulk recast surface 

and confirmed to be oxide rich regions via EDS and XRD analysis. In all cases 

the SEM back-scattered oxide regions correlated to the oxide EDS spot maps, 

as shown in Section 4.2.3, therefore confirming that this method for locating 

and measuring oxide area is suitable. Compared to the EDS spot method for 

detecting oxide areas, BS-SEM images show the oxide regions more clearly 

and are easier to identify. The EDS spot images show oxide regions, however 

due to the small sample time of 60 seconds and because oxygen is a light 

element, the total area after binarisation and measurement of area is lower 

than that found with EDS imaging, as seen by comparing the binrased images 

in Figure 15 and Figure 16. 

Following the EDS spot images of the surface, larger images of the holes 

were taken with BS-SEM. The oxide area (% of surface) was then calculated 

by first altering the BS-SEM images tonal histogram to accentuate oxide 

regions. The images were then binarised via Matlab’s binarisation function. 

This method was used for the 1.9 mm holes too. 
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Figure 16. Showing BS-SEM sampling regions for each hole and resulting 
binarised image via Matlab showing oxide regions, done for the highlights 

areas. White numbers denote surface captures, while black numbers denote 
recast layer captures. 

 
 

Following this, the samples were individually mounted and polished till 

approximately the centre of each hole, based on the entry and exit diameters. 

Polishing was done from 400 to 1200 grit paper, then 6 and 1 micron diamond 

polish, and finally with colloidal silica. These were viewed under the SEM to 

view the recast layer, obtain data on oxide area via EDS images, and obtain 

the hole diameters. 

3.7.3 X-ray Diffractometry  

The measurements were made using a Bruker D8 Discover Series 2 fitted 

with a spot-focus Cu-anode X-ray tube, a focussing poly-capillary, a Ni filter 

for Kβ radiation, a near-sample pinhole, a motorised stage mounted on an 

Eulerian cradle and a scintillation counter, scanning 2θ from 10° to 70° at a 



 

53 

step size of 0.05°. Samples were mounted on a plastic holder so as to not 

confuse aluminium peaks from the background. Measurements were made 

with a 0.5 mm diameter near-sample pinhole to minimise background 

contributions, 1 mm anti-scatter and detector slits, and a step time of 16 s. 

Background (a few mm away from the sample over the plate) and reference 

(CMSX-4 surface next to the hole) measurements were made with 2 mm 

diameter near-sample pinhole to maximise signal, 2 mm anti-scatter and 

detector slits, and a step time of 8 s. The peak positions for the reference Ni 

pattern have been adjusted to account for the lattice parameter difference 

between pure Ni and the alloy. The distraction pattern shown is after 

background subtraction.  
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4 Oxide Layers and Formation Mechanisms in EDM 

4.1 Introduction 

The literature showed that there is little understanding of oxide formation in 

EDM and no in-depth studies have been undertaken to date. Cursory 

observations in EDM have been made, however influence of parameters and 

mechanisms of formations have not been discussed. The purpose of this 

chapter is to understand oxide formation mechanisms in EDM, both the 

influence of parameters and also the fundamental discharge phenomena 

leading to oxides. 

In order to understand oxide formation in EDM, first parameters will be 

altered to understand the effect on oxides on the recast surface, as well as 

assess the oxide measurement methods. Using this as base, fundamental 

oxide formation mechanisms will be explored using experimental data and 

linking to single discharge phenomena. 

4.2 Methodology and Experimental Process 

4.2.1 Initial Main Effects Experiment 

The electrodes used were 0.3 mm diameter brass with a deionised water 

channel through the longitudinal axis, in the set-up shown in Figure 17. Brass 

was used due to its improved wear and MRR compared to Cu [125], as it has 

a higher melting point, which is factored in its erosion index (a measure of a 

materials suitability as an electrode) [126]. The workpiece was a 1.4 mm 

thickness single crystal cast CMSX-4 rectangular piece, the composition is 

included in Table 1 [127]. This material was used as it is commonly used in 
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high-temperature applications in jet engines, such as turbine blades, in the 

production of cooling holes. Therefore, any resulting data can be used in 

industry. 

 

Figure 17. 0.3 mm initial oxide formation experimental set-up using a hollow 
brass electrode using surface and breakthrough flushing.  

 

Table 1. Nominal composition of the CMSX-4 nickel super-alloy used in this 
study 

Cr Co W Mo Ta Re Al Ti Hf Ni 

6.5 9.6 6.4 0.6 6.5 3.0 5.6 1.0 0.1 Bal 

 

For the initial full factorial test, the factors and levels that were used are 

listed in Table 2 with the experiment runs listed in Table 3. These factors were 

chosen to alter the discharge energy and cooling during machining in order to 

understand the influence on oxides in the recast layer. The levels of the factors 

were based on standard parameters used for EDM drilling of nickel super-
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alloys, which consist of short discharge on and off-times. They were also 

selected for minimum machining time and wear, from previous experimental 

work, in order to ensure machining relevancy to industrial manufacture. The 

on-time, off-time, and current were doubled to ensure a large change in oxides 

on the surface to ease analysis as ensuring a maximum duty factor of 50 % 

for stable machining, and the pressure was changed from 6 MPa to 9 MPa, 

which is the maximum pressure in the current set-up. The factors that were 

fixed were the conductivity of the deionised water, electrode diameter, 

electrode rotation speed, electrode advance speed, surface flushing pressure, 

and breakthrough flushing pressure. Experimental output factors are 

machining time (s), wear (mm), surface oxide area (%), recast layer oxide area 

(µm2), surface roughness Sa (µm), and breakthrough proportion (%). To 

reduce experimental runs and the resulting surface and recast layer analysis 

a full factorial design with two repeats was used, totalling 32 experimental 

runs. 

 

Table 2. Experimental factor levels used in the initial mains effect experiment 

On-time (µs) Off-time (µs) Current (A) Internal Pressure (MPa) 

5 5 9 6 

10 10 19 9 
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Table 3. Full list of experimental runs in full factorial experiment with two 

levels per factor with two repeats. 

 

Run 
Current 

(A) 
On-time 

(µs) 
Off-time 

(µs) 
Pressure 

(MPa) 

1 19 5 10 9 

2 9 10 5 9 

3 9 10 5 6 

4 19 5 10 6 

5 19 5 5 6 

6 9 10 10 6 

7 19 5 5 9 

8 9 10 10 9 

9 9 10 10 6 

10 9 10 10 9 

11 19 5 5 9 

12 19 5 5 6 

13 9 5 5 9 

14 9 5 5 6 

15 19 10 10 6 

16 19 10 10 9 

17 9 10 5 9 

18 19 5 10 9 

19 9 10 5 6 

20 19 5 10 6 

21 9 5 10 9 

22 9 5 10 6 

23 19 10 5 9 

24 19 10 5 6 

25 9 5 5 9 

26 19 10 10 6 

27 19 10 10 9 

28 9 5 5 6 

29 9 5 10 9 

30 19 10 5 6 

31 9 5 10 6 

32 19 10 5 9 

 

Due to the small size of the holes a custom fixture was used to prepare the 

sample for analysis. A cutting disc was used to cut near the hole, after which 
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the custom fixture was used to hold the sample for manual grinding until the 

inner surface was exposed. 

An area of 1.2 mm by 0.1 - 0.2 mm was used to assess the surface 

roughness, depending on resulting hole size, using the Alicona G4 focus 

variation instrument. The Sa surface roughness parameter was used to obtain 

a general roughness value, which is based on the difference in height of each 

point with the mean surface height. 

Energy was calculated by Equation 4, where the average machining 

voltage for each current parameter was used and power was calculated by 

correcting for time (J/s, or the differential of energy wrt time). 

 

  𝐸 = ∫ 𝑢(𝑡) ∙ 𝑖(𝑡) ∙ 𝑑𝑡 = 𝑈 ∙ 𝐼 ∙ 𝑡
𝑡

0

  (4) 

 

4.2.2 Detailed Parameter experiment 

The electrodes used were 1.9 mm diameter brass with a deionised water 

channel through the longitudinal axis. Larger electrodes were now used due 

to difficulty in sample preparation and analysis associated with the small 0.3 

mm holes. The electrodes used were 1.9 mm diameter brass, due to its lower 

wear and improved MRR compared to Cu [125], with a multi-hole deionised 

water channel to ensure no central material remains after machining. The set-

up shown in Figure 6 was used. The workpiece was an Inconel 718 rectangular 

piece (nominal dimensions 25 mm by 25 mm by 10mm), which is used in high-

temperature aerospace applications due to its resistance to corrosion and 
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good high-temperature properties [128, 129]. The nominal composition of 

Inconel 718 is listed in Table 4. 

Table 4 - Nominal composition of Inconel 718. Inconel 718 workpiece used in 
all experiments. Composition also used in ECE calculation. 

 

Element     Ni Cr Nb Cu Mo Ti Al Co Ta Si Mn Fe Total 

Min Wt % 50 17 4.75 0 2.8 0.65 0.2 0 0 0 0 24.6 100  

Max Wt % 55 21 5.5 0.3 3.3 1.15 0.8 1 0.05 0.35 0.35 11.2 100  

 

Table 5 shows the experimental factors used in the experiment. Six levels 

of each factor were used with 3 repeats per level totalling 72 runs. For on-time, 

the hold parameters were 19 A current, 10 µs off-time, and 5 MPa pressure. 

For off-time, the hold parameters were 19 A current, 5 µs on-time, and 5 MPa 

pressure. For current, the hold parameters were 5 µs on-time, 10 µs off-time, 

and 5 MPa pressure. For pressure, the hold parameters were 19 A current, 5 

µs on-time, and 10 µs off-time. 

Table 5. Experimental factor levels used in the detailed parameter 
experiment, with 3 repeats per parameter. 

 

On-time 

(µs) 

Off-time 

(µs) 

Current 

(A) 

Internal Flushing  

Pressure (MPa) 

5 5 9 1 

20 20 19 2.5 

40 40 25 4 

60 60 29 5.5 

80 80 34 7 

99 99 38 8.5 
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4.2.3 Constant energy Experiment 

To understand the influence of impulse force on crater morphology and 

resulting oxides, an experiment to use parameters at the same energy was 

conducted. The impulse force is the force acting on the molten pool due to the 

changing pressure gradients, in this work the term impulse force is instead 

used as it is commonly referred to as this in the literature for EDM, The set-up 

shown in Figure 11 was used to capture waveforms of different parameters. In 

this case, the EDM hole drilling machine was not capable of fine-tuning of 

parameters to obtain same parameter energies, therefore a Mitsubishi Electric 

EA12 V die-sinking EDM machine with a custom tank to hold DI was used. By 

varying parameters and calculating the resulting energy using Equation (4) in 

Matlab a set of parameters with near similar energy can be found, as shown 

in Figure 18 showing an example of voltage and current waveforms for a single 

pulse and the resulting power, for two parameter sets. The energy was 

calculated by multiplying the instantaneous current and voltage to produce a 

new plot, then taking the integral of that curve to get the energy. 
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Figure 18. Example of different parameters with same energy, with 
parameters obtained from using the waveform recording set-up consisting of 

a current and voltage sensor and oscilloscope to view and record 
waveforms. 
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4.3 Results 

4.3.1 Oxide area measurement 

 

Figure 19. Example of a hole (19 A current, 5 µs on-time, 10 µs off-time, 9 
MPa pressure) showing the BS-SEM surface. The area taken for the EDS 

(blue), BS-SEM (orange), and recast layer (red) binarisation is shown 
overlaid on the BS-SEM image of the hole surface. 

 
Figure 19 shows an example of one of the holes machined in the 

experiment, to show the outputs of the oxide area data and analysis methods 

visually. The parameters used were 19 A current, 5 µs on-time, 10 µs off-time, 

and 9 MPa pressure. The figure shows the 3 types of output oxide area images 

produced for the hole surface and recast layer, with the sampling regions 

shown in blue (EDS images), orange (surface BS-SEM image), and red 
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(recast layer BS-SEM images). This was done for all experimental runs. Via 

EDS spot maps of oxygen, six oxide area images are produced. Two large 

area oxide images are produced via using the BS-SEM images. Similarly, six 

recast layer oxide area images were produced using BS-SEM images of the 

recast layer. 

Figure 20 shows the SEM backscattered electron mode of the surface of 

the drilled hole after sample preparation. By using backscattered electrons, it 

is possible to visually distinguish between elemental compositions of the 

recast surface. The darker regions were seen to correspond to regions of 

increased oxygen content, while the lighter regions were similar in composition 

to the bulk material. This was the case for all analysed holes showing similar 

contrast differences. EDS maps were produced, which included detecting the 

elements shown in Table 1 and oxygen for oxide detection. Figure 20 confirms 

that the darker regions have increased oxygen content and decreased nickel 

content than the lower count regions. Similarly, the other elements that 

constitute CMSX-4 also had reduced count in these regions, except for cases 

of increased aluminium (Al), titanium (Ti), tantalum (Ta), and chromium (Cr). 

This indicates that the possible oxides could be a combination of Al, Ti, Ta, 

and-Cr. 
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Figure 20. SEM images showing the EDM surface and recast layer. Top 
showing BS-EDM image of the surface showing clear oxide zones. Below 

are the EDS spot maps of significant elements showing the nickel, oxygen, 
aluminium, titanium, and chromium, 



 

65 

XRD analysis was used to confirm the presence and phases of these 

oxides. Due to the limitations of the XRD equipment, it was not possible to use 

the 0.3 mm holes drilled in this experiment to confirm the oxides; therefore 

separate 3 mm holes were drilled for the XRD analysis. The SEM surface of 

the 3 mm and 0.3 mm holes were similarly present with oxide regions and 

preliminary EDS analysis showed similar results to the 0.3 mm holes (regions 

of increased Al, Ti, Ta, Cr, O, and oxide geometry) as shown in Figure 21. For 

the XRD experiment a sample with a higher amount of surface oxides was 

used to make it easier to detect oxides, this is also shown in Figure 21. 

 

Figure 21. Showing similarity between 3 mm and 0.3 mm holes on surface 
oxide geometry. Right: an example of a high oxide hole used in XRD oxide 

analysis. 
 

From XRD analysis, possible oxides were TiTaO4, CrTaO4, AlTaO4, TiO2, 

TaO2, NiTa2O6, and Al₂O₃. They have similar crystal structures (space groups 

102 or 136, Tetragonal) but vary in their metal components and therefore 

lattice parameters leading to the spread of peak positions. The variety in 

formulae suggest fairly free substitution of the metals in this phase, so it may 

contain a mixture such as (Al, Ti, Ta, Cr)O2. By referring to the EDS spot maps, 
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which contain concentrated regions of aluminium, titanium, chromium, and 

tantalum, it can be confirmed that oxides of these metals are present in the 

samples by comparing to XRD data.  

From Ellingham diagrams it can be seen that Al has the highest oxygen affinity 

due to the lowest Gibbs Standard free energy in kJ mol-1 until 2000 K [79, 130, 

131]. Al was shown to have a higher likelihood more so than Ni or the other 

elements in CMSX-4. This is reflected in the EDS analysis which shows more 

EDS counts for aluminium in the oxide regions, and limited nickel oxides. Al is 

followed by Ti, then Ta and Cr in terms of oxygen affinity. In some other studies 

of high temperature oxidation of nickel super alloys Al, Ti, Ta, and Cr oxides 

were also found [47, 132, 133]. 

Figure 22 shows two holes as a comparative example of the effect of 

discharge energy and cooling parameters. Hole 1, as shown in Figure 22a,c, is 

described as low energy and high cooling, while Hole 2, as shown in Figure 

22b,d, is described as high energy and low cooling. For Hole 1 the discharge 

current was set to 9 A, on-time to 5 µs, off-time to 10 µs, and internal pressure 

to 9 MPa. Hole 2 was set to 19 A, on-time 10 µs, off-time 5 µs, and internal 

pressure to 6 MPa. From the SEM back-scattered electron images, it can be 

seen that the darker oxide regions are larger in area in Hole 2, compared to 

Hole 1. One of the six EDS map images per hole is shown in Figure 22c & d. 

This shows the large difference in oxides due to the changes in parameters. 

Over the six EDS spot maps taken of the surface of the two holes, for Hole 1 

the oxide area was calculated as 13% (using the oxygen EDS maps) while for 

Hole 2 the oxide area was calculated as 23%. By using the back-scattered 

electron SEM images the oxide area for Hole 1 was 36% while Hole 2 was 
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55%. Both methods show a similar increase, however with different 

magnitudes due to the method of data collection. 

 

Figure 22. Shows a comparative example of effect of increasing discharge 
energy and decreasing cooling. a) Shows a low energy high cooling hole. b) 

Shows a high-power low cooling hole. c) Shows the Al EDS maps of the 
surface of a). d) Shows the Al EDS maps of the surface of b). 

 

4.3.2 Initial Main Effects Experiment 

Figure 23 shows the results of the full factorial experiment analysed in 

Minitab statistical software. Figure 23a shows the main effects plots for surface 

oxide area percentage via the oxygen spot EDS map method, Figure 23b 
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shows the main effects plots for surface oxide area percentage via the BS-

SEM method, and Figure 23c shows the recast oxide area in µm2 via the BS-

SEM method. The spot EDS oxygen map method for assessing oxide area 

shows very similar trends and main effects to the BS-SEM method thus 

showing that either method is suitable for assessing oxide area and the 

influence of parameters. The BS-SEM method is more reflective of actual 

oxide area as the EDS spot map method has reduced spot counts due to small 

scanning times (45 seconds) and due to oxygen being a lighter element, which 

is harder to detect using EDS. As the regions of darker tone (change in 

contrast) on the BS-SEM images correlate to regions of oxides, it is possible 

to easily link the surface topography to oxides, hence it is more suitable for 

this analysis as it shows all regions of oxides in a short scan time. The relation 

of oxide area for both the surface and depth are also similar in terms of effects 

of EDM parameters. However it is not possible to take several cross sections 

of the same hole due to the small size, therefore a single cross-section is not 

precise and may not be accurate compared to surface SEM and roughness 

data which produce data over the entire surface and therefore surface SEM 

oxide measures a necessary compromise. X-ray Tomography could be used 

to calculate oxide volumes, however due to the number of holes and samples 

required this was not a feasible process, combined with the difficulty to 

measure micron thickness oxide layers. Therefore the surface approach is a 

good estimate for oxides in the recast layer. Therefore, the BS-SEM method 

was used from this point to assess oxide area on both the surface and recast 

layer. This method is also more suitable for this experiment as it is significantly 
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quicker to obtain data compared to the EDS spot map method, thus resources 

spent on the SEM machine are reduced. 

 

In both Figure 23a,b, we can see that an increase in current and on-time 

increases the surface oxides, while the off-time and pressure decreases 

oxides. The mean change in oxide area in Figure 23b, for current, ranges from 

39 % to 46 %, similarly for on-time. Off-time and pressure have a smaller 

magnitude of mean change ranging from 41 % to 45 %. Figure 23c shows that 

on-time is the most significant factor for recast oxide area, with a mean change 

from 118 µm2 to 170 µm2, followed by current, off-time and pressure. The 

current and on-time contribute to increased energy (increased gas, molten 

metal, vapour, and temperature) and alter molten pool characteristics (ejection 

of molten material or increased exposure), which lead to increased oxides, 

and will be explained in Chapter 4.4.1 and 4.4.2. The change in off-time results 

in reduced oxidation rate (reduced molten metal and temperature) and also 

increase removal of debris, gases, and a reduction in temperature. 
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Figure 23. Plots showing main effects of parameters and influence on oxide 
area. (a) shows the effect on surface oxides using the EDS oxygen spot 

map, (b) shows the effect on surface oxides by using BS-SEM images, and 
(c) shows the main effects plot of the effect on recast oxide area using the 

BS-SEM images. 
 
 

Figure 24 shows the main effects on machining time and wear. It was shown 

that current and flushing pressure significantly decreases machining time, 

while off-time increases machining time, and on-time has a slight increase. 

Current decreases machining time due more energy removing material. An 
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increase in on-time should also decrease machining time, however in this case 

there is a slight increase, which may be attributed due the increase in duty 

factor (amount of on-time compared to off-time) which causes decreased 

flushing of debris resulting in unstable machining. In theory an increase in on-

time should decrease machining time, only if a suitable off-time is then used 

(to produce a duty factor of 50 % or higher).  Wear was shown to increase 

significantly with current, due to increased energy melting and vaporising the 

electrode material, followed by off-time, while on-time had a slight decrease 

and pressure had no effect. On-time reduced wear slightly due to less 

individual discharges removing material from the electrode (lower energy 

density with time). An increase in off-time increased the wear, which is 

unexpected as it should not affect wear to that extent. This could also be due 

to the change in duty factor which was not assessed in this study. 

 

 

Figure 24. Main effects on machining time and wear of current, on-time, off-
time, and pressure. 
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Figure 25 shows the main effects on breakthrough percentage and surface 

roughness. It was shown that only flushing pressure has an influence on 

breakthrough percentage, which can be attributed due to the increased 

pressure causing electrode vibrations and instability. The other parameters did 

not have an effect, although at higher values if current and on-time an effect 

on breakthrough percentage is expected. Surface roughness was increased 

by current and on-time due to increased material removal, while pressure 

decreased roughness and off-time showed a small decreasing trend due to 

increased material evacuation leading to stable machining and removal of 

molten debris. 

 

Figure 25. Main effects on breakthrough percentage and surface roughness 
of current, on-time, off-time, and pressure. 

 

By calculating the power for each parameter, a relation with discharge 

power and oxide area can also be shown in Figure 26. Generally, an increase 

in discharge power results in increased oxides for both surface oxides and 
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recast oxides, due to increased gas, molten metal, vapour, and temperatures. 

A tapering off trend can be seen for the recast layer depth graph. This is 

expected as the energy balance would result in energy spreading to other 

parts of the discharge gap instead of causing oxide generation deeper into the 

recast layer. Recast layer values have larger errors due to the measurement 

method used (limited sample area) compared to the more comprehensive 

surface analysis. It is not possible to take several cross sections of the same 

hole due to the small size, therefore a single cross-section is not precise and 

may not be accurate compared to surface SEM and roughness data which 

produce data over the entire surface and are therefore a necessary 

compromise. The recast layer is also prone to influences by sample 

preparation in which oxides can spall off, causing larger data error. 
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Figure 26. Effect of discharge power on surface and recast oxides. Hole 
parameters used shown in Table 3. Surface oxide measurements = 193, 
recast layer oxide measurements = 193. Error is for each power level. 

 

4.3.3 Detailed Parameter experiment 

Figure 27 shows the results of the detailed parameter experiment on 

surface oxides. It was shown that on-time, shown in Figure 27c, has the largest 

influence on surface oxides, from 27 % at 5 µs to 55 % at 99 µs. A larger 

increase is seen from on-times from 5 to 40 µs, which then tapers off towards 

99 µs, which may be due to reduced oxygen generated for oxidation (gas 

bubble expansion and limited water for oxygen generation). Current is shown 

to have a linear increase in oxide area due to increase energy. Off-time shows 

a sharp decrease in oxides from 5 µs to 40 µs, which then tapers off towards 

99 µs, similarly to on-time. This can be explained by a reduction of 

temperature, molten material for oxidation, and available gases. Pressure is 

seen to not have a significant effect on oxide area, although a very slight 

increase which may be due to increase water introducing more oxygen. 
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Figure 27. Showing the effect on hole surface oxide area. (a) Influence of 
current, (b) influence of off-time, (c) influence of on-time, and (d) influence of 

flushing pressure. 
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Figure 28. Influence of average power of all runs on average oxide area. n = 
72 runs, oxide measurements = 165. 

 

Figure 28 shows a plot correlating the average power for all experimental 

runs to surface oxide area. Power was used in this case to include the 

effects of the off-time in each parameter set, as the total energy in the 

system changes with off-times. The results are similar to the initial main 

effects results, in that an increase in discharge power generally increases the 

average surface oxides.  The change in oxides is high for on-time, however 

current produces little change in oxides over a large power range, and 

produces less oxides at similar powers.  

Figure 29 shows that current is the main factor that increases the MRR, 

followed by on-time, due to the increase in energy for material removal. 

Current shows a linear increase in MRR, while on-time tapers off due to 

decreasing energy density. Off-time shows an exponential decrease in MRR 

due to less power, while pressure shows a slight increase in MRR from 1 to 4 



 

77 

MPa with no change from 4 to 8.5 MPa, explained by improved flushing and 

gap conditions. 

 

Figure 29. Showing the effect on MRR. (a) Influence of current, (b) influence 
of off-time, (c) influence of on-time, and (d) influence of flushing pressure. 3 

repeats per parameter. 
 

4.3.4 Oxidation Gas Analysis 

Gas was collected for the holes machined in Chapter 4 for all experimental 

runs. It was shown that current increases gas rate linearly and with the highest 

magnitude compared to other parameters due to increased energy for water 

splitting. Gas evolution per mm however begins to decrease with increased 

current. Off-time has an exponential decrease in gas rate with increased off-

time due to decreased power, while the change in gas evolution per mm shows 
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a linear decrease. An increase in on-time shows an increase in gas rate, with 

a decreasing trend with higher on-times due to saturation of the gap with gases 

and limited water supply. Gas evolution per mm increases but tapers off to a 

constant. Pressure shows a very slight increase in gas rate and a slight change 

in gas evolution per mm.  

 

Figure 30. Change in gas evolution per mm hole depth, and change in gas 
rate, with changes in parameters. (a) Influence of current, (b) influence of off-

time, (c) influence of on-time, (d) influence of pressure. 3 repeats per 
parameter. 
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Figure 31. Showing the effect of power on gas rate and gas evolution per 
mm, for each parameter set. 3 repeats per parameter. 

 

Figure 31 shows that, generally, an increase in power increases the gas 

rate and gas evolution per mm. Figure 31a shows that all parameters have 

large increases in gas rate with an increase in power. All show very similar 

trends, except for on-time which generates less gas at each power value 

compared to the other parameters, which will be explained further in Chapter 

4.4.1 and 4.4.2. Figure 31b shows that off-time and current have a decreasing 

trend of gas evolution per mm with power. Compared to on-time they generate 

more gas per mm. On-time also shows a linear trend. 
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Figure 32. Relation of gas rate and evolution with average oxide area for 
changes in each parameter set. 3 repeats per parameter. 

 

By relating the gas rate and gas evolution with oxide area the influence of 

gases on oxide generation can be understood better, as shown in Figure 32. 

This figure, which relates gases to oxide areas, was used to show the link 

between Figure 30 and Figure 27 in an easier to understand visual way. 

Generally, an increase in gas is shown to relate to an increase in oxide area. 

On-time is shown to result in more oxide area at lower gas rates and gas 

evolutions per mm compared to other parameters, which will be explained 

further in Chapter 4.4.1 and 4.4.2. Current is shown to have a smaller change 

in oxide levels with changes in gas rate and evolution.  

4.3.5 Constant energy Experiment 

To understand the difference with a high and low impulse parameter, two 

same power parameter sets were used to see the effect on oxides. With this 

method the effect of parameters on oxides without interference of pulse power 

can be obtained. Figure 33 shows that, at the near same power levels, the 
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parameter with the high on-time and low current had considerably more oxides 

on the surface.  

 

Figure 33. Showing the effect of parameters at constant energies on oxide 
levels. 

 

4.4 Discussion 

4.4.1 Oxidation Mechanisms 

The mechanisms of oxide formation can be understood by analysing the 

BS-SEM images produced for all holes. For all holes, oxides have been 

concentrated in regions surrounding discharge craters, as shown in Figure 34. 

From this, we can infer that expansion of the crater, plasma, and bubble have 

caused this concentration by observation of the geometry, which shows radial 

concentrations around craters. It can be implied that oxide regions are 

produced in the molten state. In some instances, lines, which expand out 

radially from crater centres, can be observed, likely caused by molten metal 

flow (radially outwards) and are visible due to slightly different structure or 

composition. In Figure 34 concentration of oxides are mixed with debris. This 
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also solidifies the understanding that oxides are produced in a molten state, 

as all oxide regions have mixtures with non-oxide globular solidified debris. 

Therefore, movement of molten material which has rapidly oxidised and 

resolidified on the edge of the crater can be assumed the main cause of oxides 

in the recast layer. The influence on the magnitude of this piling of oxides on 

the edges is linked to the EDM parameters and will be explored in more detail. 

 

Figure 34. Showing oxide and debris surrounding craters. Darker regions 
signify oxides. Craters show flow lines. Oxide regions show debris 

accumulation. 
 

Figure 35 shows a schematic of the proposed oxidation mechanism in EDM 

with DI. At t = 0 µs the surface of the component during EDM is covered with 

the usual recast surface features. When a discharge occurs between t = 0 µs 

and t = 5 µs the temperature rapidly rises due to the ionised plasma channel. 

A high temperature gas bubble surrounds the plasma consisting of hydrogen 

and oxygen from thermal decomposition as well as metal vapour. The figure 
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also shows remnant bubbles from previous discharges in the spark gap for 

illustration. The high temperature causes melting and vaporisation of the 

metal. Due to the bubble expansion, heat supplied from the plasma, metal 

vapour, and liquid outside, the bubble is under high pressure and there is a 

force applied on the molten pool causing molten pool movement and pushing 

outwards, and possibly ejection.



 

 

 

8
4
 

 

Figure 35. Proposed mechanisms of oxidation. At T = 0 µs, EDM surface during machining consisting of recast layer features. At T 
= 5 µs electrical discharge, at T = 10 µs resulting surface.
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Figure 36. (a) Showing high-speed images at 1,000,000 FPS, showing the 
molten pool, material pushing, and material ejection. Two different types of 

molten metal ejection. High impulse: low on-time and high current. Low 
impulse: high on-time and low current. 

 

To show this visually, high-speed images of single discharges were used. 

Figure 36a shows molten pool behaviour, and Figure 36b shows differences 

in pool ejection due to impulse forces. The impulse force is the force acting on 

the molten pool due to the changing pressure gradients, in this work the term 

impulse force is instead used as it is commonly referred to as this in the 

literature for EDM, Figure 38 shows removal via vapour explosions and Figure 

37 shows the relation to the plasma channel.  

In Figure 36a, between 0 and 20 µs electrical breakdown has occurred, 

after which at 20 µs molten metal is being pushed outwards from the centre of 

the molten pool crater. At 30 µs some of the molten metal has been pushed 

out from the molten pool, while some has only been pushed towards the edge 
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which will then solidify in its position. This movement is due to the vaporisation 

forces and due to the ionised plasma channel, which is shown in Figure 37a 

where light from the plasma is seen in the direction where material ejection is 

observed (video taken without a laser filter). In water this force would be further 

increased due to forces generated through decomposition and expansion of 

gases produced from H2O. The pressure (as well heat flux) at the centre of the 

plasma is highest and reduces as distance from the plasma centre increases, 

with an increase in current increasing the spread of heat flux and increasing 

pressure [134]. Therefore, vaporisation and melting is concentrated at the 

region where the plasma is on the molten crater. The plasma is also known to 

move around the crater [135], with its range of movement (and diameter) 

increasing with time [136]. This can explain the effect the plasma has on 

molten metal movement and ejection. Figure 36b shows two types of molten 

metal ejection. A higher impulse force on the molten crater can cause 

increased molten metal ejection, while no molten metal ejection can be caused 

by low impulse force on the molten crater. The impulse force is affected by the 

amount of time the plasma channel is active and expanding, and how much 

energy is put into the plasma channel. This is essentially controlled by on-time 

and current. A low on-time and high current results in a high impulse force, 

while a high on-time and low current results in a low force. The relation of 

power will be discussion in Section 4.4.2. 
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Figure 37. (a) Influence of plasma direction on molten debris ejection 
direction, (b) plasma collapse force on molten debris ejection. 

 

This was confirmed by Zhang et al. [42] who suggested that a decrease in 

on-time increases bubble pressure (boundary between bubble and liquid) and 

plasma pressure, which also increases the impulse force on the molten pool 

due to the expansion and contraction of the bubble, thus ejecting more molten 

metal (the impulse force was higher in liquids compared to gases). This was 

also confirmed by M. Zhang et.al [45]. Lower pressures due to higher on-times 

thus cause flatter craters (molten metal getting pushed rather than ejecting), 

while higher on-times cause craters with rims and deeper depressions. 

Maradia et al. [137] also suggested than an increase in bubble pressure 

(higher pressure gradient on the gas bubble boundary) results in higher molten 

metal ejection, while lower pressure gradients are seen at the gas bubble 
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boundary for longer on-times resulting in reduced molten metal ejection. The 

plasma electron density is also highest at the beginning of the discharge 

(highest pressure) and is 5 times lower near the end, which is the case with 

longer on-times. This was also shown by Kanemaru et al. [85] who indicated 

the pressure also decreases with time (and increased bubble radius), along 

with the electron density of the discharge.  

Thus, it can be inferred that parameters which cause molten pools to only 

push towards the edge will result in concentrations of oxides on edges of 

craters which solidify as either oxides, resolidified bulk material, or a mixture 

including any accumulated debris. With parameters with high material 

removal, the oxidised material will be removed from the spark gap and flushed 

away, resulting in either lower oxides, or redepositing of oxides further away 

from the current discharge crater.  

Molten material removal from the molten crater can also be explained by 

vapour explosions within the melt pool, as shown in Figure 38. Figure 38a 

shows a vapour bubble forming at 0 µs, which expands at 2 µs, and shows 

debris removal at 8 µs. Due to the rapid process, only a few frames can be 

captured therefore the still images shown in Figure 38 are difficult to interpret 

without viewing a video of the process. Annotations are used to expedite 

understanding. This addition in molten metal removal is influenced by higher 

currents and is likely to only occur at the start of discharges, so will be more 

pronounced for shorter on-times. Molten metal explosions occur due to plasma 

heating of the molten metal causing some internal vaporistion, which then 

overcomes the atomic binding force leading to expansion and molten metal 

ejection [29]. Figure 38b shows molten metal which is close to the electrode 
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due to molten pool movement, which then near instantly explodes between 0 

and 1 µs. It can be infered that due to the closing gap between the molten 

metal and electrode the plasma has moved to the smallest gap, resulting in 

sudden heating causing a vaporisation explosion resulting in molten debris 

removal. This is shown by observing direction of plasma and resulting direction 

of debris removal in Figure 37a. The force when the plasma collapses also 

results in sudden material ejection shown in Figure 37b, which also depends 

on current and on-time. 

 

 

Figure 38. (a) Vapour explosions in molten metal. (b) Molten metal 
explosion due to plasma movement 

 
 

Referring back to Figure 35 at T = 5 µs, after the plasma has produced a 

molten crater and molten crater movement and ejection has begun the high 

temperature gas mixture and a small portion of the molten metal rapidly react 

in the oxidation reaction around the crater, where the molten metal has been 
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pushed out. Some oxidation on the crater itself will also occur if molten material 

cannot be sufficiently ejected, while some oxidation of ejected molten metal 

may occur too. During the on-time for the discharges shown in Figure 36 the 

molten pool is seen to vigorously shake due to the forces applied to it. This 

agitation of the molten pool may also increase oxidation as it increases the 

exposure to the high temperature gas and encourages molten metal and gas 

mixing. The rapid movement of the plasma to the point of lowest resistance 

also causes molten pool movement. As shown in Figure 39, in some areas of 

the machined holes we can also observe spheres at the edges of craters near 

the oxide regions which supports the gas mixing theory. Oxygen is also likely 

to diffuse into the metal and precipitate oxides. 

This can also be explained by a mechanisms first suggested by De Luca 

for laser powder melting [92], which explains that molten oxides separate from 

the molten pool and disperse throughout based on the strong Marangoni 

convention driven by the surface tension gradients. Oxides then accumulate 

towards the surface of the melt pool at the edges due to Marangoni forces due 

to the lower density of oxides and reintroduction into the pool is prevented by 

bad wettability. The time scale of this will be larger than that of the discharge 

on-time, as the movement of the pool continues after the discharge has moved 

location. The solidification front is also likely to push oxides into the remaining 

molten pool, pushing towards the surface and edges. 
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Figure 39. Showing secondary electron and back scattered electron SEM 
images of the edge of an example crater near an oxide region. Spherical 

pores are shown which indicate gas mixing with molten material. 
 

 
The bubbles produced will also likely concentrate molten debris and 

solidified debris at the bubble interfaces, causing the deposits to concentrate 

in circular geometries around craters (where the expanding bubble originates). 

This then causes a concentration of the oxidised material around the molten 

crater.  

Between T = 0 µs and 5 µs, oxidation rate in the melt pool is controlled by 

the reaction of the molten metal gas interface, therefore it should follow the 

linear rate law and be proportional to time, allowing rapid oxidation [76-78]. 

This happens because the oxygen can easily pass through molten metals 

(compared to solidified metals) and can rapidly arrive at the metal oxide 

interface. Due to the rapid movement of the molten metal, more bare molten 

metal is exposed for oxidation, while the reacted sections are either mixed into 

the molten metal or pushed to the side. Once this oxide thickens or begins to 

solidify, oxidation  is controlled via diffusion through the oxide layer through 

the parabolic law (decreases with time). This is the case when the oxide is well 



 

92 

 

adhered to the surface and is compact. Due to sparking and flushing any oxide 

layers that have begun to spall off or detach from the surface will not exhibit 

diffusion controlled oxidation. For areas surrounding the molten crater, 

diffusion controlled oxidation is likely to occur due to the high gap temperature 

and abundance of oxygen in the gap. These oxide regions will however be thin 

and compact and are likely to not contribute to the total oxide area due to the 

significantly slower rate of oxidation compared to molten metal. 

Referring back to Figure 35, at T = 10 µs the heat due to the plasma has 

melted part of the crater shown at T = 0 µs and pushed surface debris and 

oxides causing further accumulation. Between T = 5 µs and 10 µs, the molten 

metal and oxide has solidified.  

4.4.2 Influence of parameters 

It was shown that high current and on-time (Figure 23, Figure 27), and 

discharge power (Figure 26, Figure 28) increases oxides, while high off-time 

decreases oxides (Figure 23, Figure 27).  

Discharge energy and discharge/crater formation characteristics, as well as 

cooling and flushing of the spark gap were considered the main possible 

influencers of oxide formation in the recast layer. Figure 40 shows gap 

conditions relative to parameters used, and is used to convey the general 

effect of energy on the discharge gap and oxidation. In Figure 40a, a spark 

occurs which removes material and produces a gas bubble which grows 

during the spark on-time. When the current flow stops the gas bubble begins 

to implode, releasing the gas into the spark gap along with the molten debris, 

as shown in Figure 40b.  
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From previous results it was shown that discharge power increased oxides. 

With an increased energy more gas is produced by decomposition of the 

dielectric, as well as more molten metal and vapour being produced. This gas 

then fills most of the spark gap, increasing available oxygen for oxidation. The 

increased energy also results in increased gap, metal surface, and molten 

metal temperatures resulting in an increase in the rate of the oxidation 

reaction. Conversely, a low energy parameter results in decreased gases, 

debris, and temperature as shown in Figure 40, while a high off-time and 

flushing parameter results in decreased gases and debris due to removal from 

the discharge gap. 
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Figure 40. Influence of parameters on gap conditions. High energy, high off-
time and dielectric flushing, and low energy. (a) shows discharge, while (b) 

shows resultant gap conditions after 2 consecutive sparks. 
 

The increased energy supplied, while it does increase oxides, also likely 

results in higher molten metal ejection from the discharge site. As discussed 

previously, this higher energy parameter could lead to discharges with 

increased impulse forces. However, this depends heavily on parameter 

combinations as discussed below. 

Higher currents result in increased gases (Figure 30) and gas bubble 

pressure (from increased decomposed H2O and metal vapours), which results 
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in the gas bubble collapsing with more force thus ejected more material. It also 

increases the plasma movement velocity [136]. This can in turn result in molten 

material ejection from the discharge site (reduced build up around crater 

edges) and thus reduced oxides. This may explain why even though current 

increases discharge energy the most compared to other parameters, the slope 

in Figure 28 is the smallest, showing than an increase in current, while it 

increases energy significantly, only marginally increases oxide area. This is 

explained due to an increase in the discharge impulse force and removal 

mechanisms as discussed previously, which is also shown by observing the 

change in oxide topography with depth from the holes machined in Chapter 

4.2.2, shown in Figure 41. For current generally oxides are seen to increase 

with depth, as compared to the other parameters. This can be attributed to the 

strength of discharges removing surface oxides, both oxides which were 

already on the surface from previous discharges, and newly formed oxides. 

Secondary discharges also play a role in slowly removing oxides from the 

surface, which would be further enhanced by higher currents and forces. 

On-time, similarly to current, has high average discharge energy as shown 

in Figure 28, however oxides are considerably more at longer on-times at the 

same energy, while the low on-times show low oxides. On-time was also 

shown to have the largest difference in oxide levels between the lowest and 

highest on-time. This can be partly explained by lower on-time discharges 

producing high impulse forces and bubble pressures, resulting in molten 

debris ejection, while the longer on-times produce lower impulse forces. On-

time also increases exposure time of the molten pool to gases, as well 

increasing the amount of gases surrounding the discharge site (which levels 
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off due to decreased supply of H2O in the gap as shown in Figure 30), and 

increased time for movement and mixing of the molten pool. The heat 

generated has more time to be lost into the gap, increasing the gap 

temperature. Due to the increased plasma size with time [138], the heat flux is 

lower due to lower current density at the discharge spot, resulting in larger 

craters with more heat dissipated into the gap [83]. Vapour pressure is also 

reduced for longer on-times due to reduced plasma and liquid interface 

temperature [28]. Short on-times also result in more material removal due to 

this increased energy efficiency due to the higher energy density. In addition 

to this, when on-time is increased (at a constant off-time) the spark gap has 

less time to remove gases, debris, and reduce the gap temperature, therefore 

compounding the influence of the increased on-time. In this sense, a longer 

on-time with short off-times reduces gap flushing and cooling. Therefore, we 

can see large build-up of oxides around craters as shown in Figure 41. With 

depth there is also little change due to the low impulse force of high on-time 

discharges.  
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Figure 41. Showing example changes in surface topography with depth for 
parameters. Current shows a large change in oxide geometry with depth due 

to differences in pulse parameters. On-time, off-time, and pressure have a 
small change in comparison. 

 
By relating the power to the gas rate an interesting result can be observed 

which confirms the above discussion. At a set discharge power, as shown in 

Figure 31, on-time was shown to produce the least amount of gas, while the 
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other parameters behaved similarly to each other. Once we compare this to 

Figure 32 we can relate this decreased gas production at higher energies with 

an increased oxide percentage. This means that at higher on-times, and thus 

high discharge energy’s, some of the energy was used in production of oxides 

instead of production of gas. This is because there is a decreased amount of 

H2O in the gap due to gas saturation in the local gap, which prevents further 

gas production. It may also be the case that instead of producing gas (which 

sometimes occurs when a surface is covered by oxides [105]), further oxides 

are formed. This confirms that the increased exposure time of molten metal to 

the increased on-times resulted directly in oxidation of the molten material 

instead of gas generation. This may be because at higher on-times the spark 

gap is full of gases due to the longer plasma duration (which keeps the gas 

bubble expanding). The gases within the spark gap and the energy supplied 

thus have an increased opportunity to oxidise the molten material. The energy 

also has more chance to be lost into the spark gap, such as for increasing gap 

temperature and oxidation rate, and heating and vaporisation of the molten 

metal (which also increases mixing). 

 

To confirm effects of parameters on impulse force, a constant energy 

experiment was conducted, with results shown in Figure 33. The increase in 

oxide levels at constant energy parameters can be attributed to the method of 

molten material removal. The difference between high and low impulse, which 

was discussed previously, is the main factor in this. Even though the current 

is higher, the oxide levels are lower due to this change in impulse force. This 

may explain why some parameter combinations do not show expected levels 
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of change in surface oxides, as their energies or difference in metal ejection 

depend on the combination of current and on-time. Figure 42 shows the 

difference in crater morphology. The high on-time and low current parameter 

shows shallow craters which are pushed and spread out with oxides 

concentrated heavily around craters. The low on-time high current parameter, 

however, shows deeper craters with remnants of ejected material in the form 

of blobs surrounding the edges. These findings confirm previous discussion 

concerning effect of crater impulse force. 

 

Figure 42. Shows surfaces of same energy parameters which differ in crater 
geometry. Highlighted areas show differences in crater morphology. 

 



 

100 

 

For improved cooling and flushing conditions, spark off-time was increased 

as well as the flushing pressure. This results in the gas bubbles being flushed 

away from the spark gap reducing the amount of available gases at any instant 

for oxidation, as well decreasing gases due to less sparking (longer times 

between sparks) (Figure 30). The temperature of the spark gap is also likely 

to decrease, reducing H2O spitting and oxidation through decreased reaction 

temperatures. Molten debris will also be removed and cooled faster. Thus, the 

molten debris will have less exposure time to the high temperature spark gap 

and gasses, reducing the total oxidised material. This was confirmed by the 

reduced oxides with an increase in off-time, however pressure did not show a 

clear result. Although flushing pressure was shown to have an effect on oxides 

in Chapter 4.2.2, in Chapter 4.2.3 there was no significant trend. This may be 

explained by the difference in hole size between the initial main effects 

experiment and detailed parameter experiment. The smaller 0.3 mm holes 

showed decreased oxides for increased pressure, while the larger 1.9 mm 

hole showed no change. The increased flushing pressure may have had more 

of an influence due to the smaller surface area which promotes higher 

temperatures and reduces flushing ability. The flushing pressure may also 

have a limited influence on the discharge scale of the process, at least for the 

pressures tested. For short on-times the effect of increased pressure may be 

small, therefore not affecting molten metal oxide formation.  

A balance between oxide surface area and outputs relevant to industry must 

be made. An increase in current was shown to increase the MRR, resulting in 

faster machining, however resulted in more oxides, electrode wear, and 

surface roughness. The increase in oxides can also further increase MRR due 
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to the heat generated through the reaction and due to oxides having a lower 

melting temperature than the bulk [87]. An increased on-time was shown to 

have an increase in MRR, however resulted in an increase in oxide area and 

slight increase in roughness. An increase in off-time was shown to decrease 

the MRR while decreasing the oxide area, with no effect on roughness. 

Pressure was shown to have an increase in MRR, a decrease in oxide area 

(for the 0.3 mm holes), and a decrease in roughness. Therefore, a surface with 

the least oxides must have a low current, low on-time, high off-time, and 

increased flushing. This would result in a hole with the lowest roughness and 

best surface finish, with the least electrode wear, however the machining time 

would be considerably high. Therefore, acceptable parameters must be 

chosen relative to the requirements of the machined part and intended use.  
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4.5 Conclusion 

It was shown that current, on-time and discharge power increase oxides, 

while off-time and pressure decrease oxides. The importance of discharge 

crater formation characteristics was also linked to oxide formation. 

Discharge power increases oxides by increasing gases, molten metal, and 

temperatures, while a high off-time and flushing removes gases and debris 

and reduces temperatures, reducing oxides. However the combination of on-

time and current is more important than solely discharge power. A change in 

current was shown to increase oxides due to increased gas production, and 

was linked to an increase in molten metal, metal vapour, and gap temperature. 

On-time was similarly shown to increase oxides due to the same reasons, in 

addition to molten metal exposure time. However longer on-times produced 

more oxides at similar power levels. This was explained by the decrease in 

discharge impulse force of longer on-times, which reduces material ejection, 

increases molten metal exposure to oxygen, and increases gap temperatures. 

This results in oxide and debris concentration around craters due to forces on 

the molten pool. The decreased gas production also implies a higher energy 

fraction into oxide formation. Higher currents however increase metal ejection 

and removal of oxides and spall off existing oxides, resulting in marginal 

increases in oxides at similar power levels. Even at the same energy, a low 

on-time high current parameter exhibits lower oxides than a high on-time low 

current parameter. An increase in off-time and flushing pressure results in 

decreased oxides due to decreased gases, and was linked to decreased gap 

temperatures, improved cooling, and reduced debris. Discharge impulse 
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forces must be high to ensure molten metal ejection, prevent increased 

concentration around edges, and longer exposure times to gases and energy.  

To achieve a hole with a low amount of oxides, a small on-time and lower 

discharge energy is needed, as well as increased flushing and off-time. This 

results in a parameter with high discharge impulse and high gap flushing and 

cooling. This would result in a hole with decreased oxides as well as surface 

roughness, decreased recast layer depth and increased surface integrity while 

also decreasing the electrode wear. However, the machine time would also 

increase which may be unwanted. A balance is therefore required depending 

on the usage case using the fundamental understanding of oxide formation as 

a basis.  
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5 Electrolytic-Dielectrics: A route to zero recast EDM 

5.1 Introduction 

In EDM the recast layer is unwanted and removal is highly desired for parts 

where surface integrity is key. The literature review revealed multi-step 

methods which removed the recast layer, however at the disadvantage of 

multiple steps increasing production cost and complexity. Some past attempts 

at incorporating EDM and chemical machining was made, however the entire 

recast layer was not removed, there was inability to control the surface, and 

fundamental understanding of the mechanisms was lacking.  

This chapter aims to develop a single-step process to simultaneously 

machine via EDM and remove the recast layer via ECM. Sodium salts are 

often used in ECM, with NaCl being the most common non-acidic electrolyte. 

NaCl will therefore be used to understand the basic mechanisms of the 

process. Different salts produce different surfaces in ECM; therefore this idea 

will be used to explore control over the removal of the recast layer in this 

process. Altered removal mechanisms will be used to understand fundamental 

mechanisms in this process to enable future control and improvement of the 

process. 

5.2 Methodology and Experimental Process 

The electrodes used were 1.9 mm diameter brass , with a multi-hole 

deionised water channel to ensure no central material remains after 

machining, at 5 MPa internal pressure. Brass was used due to its improved 

wear and MRR compared to Cu [125], as it has a higher melting point, which 
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is factored in its erosion index (a measure of a materials suitability as an 

electrode) [126]. The workpiece was an Inconel 718 rectangular piece 

(nominal dimensions 25 mm by 25 mm by 10 mm), which is used in high-

temperature aerospace applications due to its resistance to corrosion and 

good high-temperature properties [128, 129]. The nominal composition of 

Inconel 718 is listed in Table 4. The theoretical electrochemical equivalent for 

the alloy, calculated for the upper and lower ranges of the nominal composition 

as shown in Table 4, was calculated as 0.258 – 0.295 mg/C) according to 
m

Fz
, 

where F is the Faraday constant, m is the atomic mass, and z is the ion 

valency. 

Electrolytic-dielectrics were produced using the deionised water mixed with 

the selected salts, using a magnetic stirrer until the conductivity reading 

stabilised and the required levels for experimentation were obtained.  

5.2.1 Sodium chloride based electrolytic-dielectric 

To show the principles of machining and recast layer using electrolytic-

dielectrics, five electrolytic conductivities were used to assess the effect of 

conductivity and increased electrochemical action on the EDM recast layer. 

Conductivities of 1, 200, 400, 600, 800, and 1000 µS/cm ± 0.5 µS/cm were 

used, using NaCl (Fisher Scientific, >98%). These electrolytic conductivities, 

which are an order of magnitude greater than conventional EDM dielectrics, 

and an order of magnitude lower than conventional ECM electrolytes, were 

selected to allow both anodic dissolution and discharges thus enabling both 

modes of material removal. 
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 Machining was conducted for a fixed time of 60 seconds, with three repeats 

per conductivity level. Blind holes were machined instead of through holes to 

increase process understanding through EDM and ECM zone data, as through 

holes may result in significantly reduced or no EDM zone depending on 

process method. EDM parameters were fixed during experimentation and 

were set to 18 A peak current, 5 µs on-time, and 10 µs off-time, which were 

chosen as they produced good MRR and wear performance with the DI 

dielectric.  

20X objective was used to measure the surface roughness using the 

Alicona G4 focus variation instrument. BSE and SE microscopy was used to 

assess the influence of the salt and conductivity on the recast surface. The 

portion of the hole surfaces analysed was measured from the same distance 

(0.3 mm) from the top of each hole, in the electrochemical zone. 

The change in roughness with depth was obtained by separating the lateral 

profiles along the depth of each hole and calculating Ra. The resulting change 

in Ra with depth curve was smoothed by a moving mean method with a 

smoothing factor of 1.5, processed in Matlab, to ease figure understanding. 

The Rz parameter was also calculated, which is the mean of the sum of the 

peaks and valleys for five sampling steps for each sample profile. This 

parameter thus gives a more relevant parameter to take into account pitting. 

This was then plotted with different conductivities using NaCl. The 3D 

equivalent of Rz, which is Sz, was also calculated for the 3D surfaces similarly. 
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5.2.2 Altered Electrolytic-dielectric composition 

To manipulate the electrochemistry of electrolytic-dielectrics to control 

surface morphology , six sodium salts were chosen to alter the electrochemical 

machining mechanisms and behaviour on the EDM recast layer. NaCl 

(chloride), NaHCO3 (carbonate), NaNO3 (nitrate), Na2SO4 (sulfate), NaNO2 

(nitrite), and Na2SO3 (sulfite) were used. All salts were purchased from Fisher 

Scientific and were >98% purity. 

Two conductivity levels of 600 and 1200 µS/cm were used for each salt with 

40 seconds of machining time, which was selected due to the depth limitation 

of the Inconel 718 workpiece. The two levels were used to clearly show a 

difference in electrochemical removal. Control holes machined using DI were 

also drilled for comparison. 

Prior to machining with each dielectric, the tool electrode was redressed on 

a graphite surface using DI to remove electrode curvature. After this, the 

dielectric was switched to the electrolytic solution and the fluid system flushed 

to ensure correct conductivity levels.  

Recast layer depth measurements were obtained by calculating the recast 

layer area for 15 SEM areas of 90 by 80 µm and dividing the length of each 

area to obtain an average recast layer measurement. 

The overcut of the holes were also measured using the Alicona G4. The 

overcut is defined as the increase in entrance hole diameter, which is always 

the largest increase in diameter across the hole, as compared to the size of 

the 1.9 mm electrode. The overcut is calculated as the resulting entrance hole 
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diameter minus the size of the electrode, and converted to a percentage 

increase.  

The lateral gap was measured using 3D surface profilometry for all holes. 

This was then compared to the frontal gap, which was measured using sodium 

sulfite. The frontal gap is the same using all dielectrics, due to the similar 

electrical characteristics analysed in Chapter 6. This was then compared to 

the lateral gap to prove process mechanisms. 
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5.3 Results 

5.3.1 Sodium chloride based electrolytic-dielectric 

Figure 43 shows holes machined using NaCl formed electrolytic-dielectrics 

at varying conductivities, at the EDM parameters of 18 A peak current, 5 µs 

on-time, and 10 µs off-time. The surface view of the hole is shown in Figure 

43a. Figure 43b shows the surface of the machined holes, with higher 

magnifications shown in Figure 43c-h.  

The surface of the DI machined hole is shown in Figure 43c and is covered 

with typical recast layer features such as re-solidified material, workpiece and 

electrode debris, cracks, and oxides. The oxides are shown by the darker 

regions which usually surround the craters, while the lighter regions 

correspond to re-solidified material (craters). When the conductivity is 

increased to 200 µS/cm by increasing chloride anions available for 

electrochemical action, at the same EDM parameters, the surface shows two 

distinct zones. The upper region exhibits a zone in which the surface 

morphology is evidently dominated by electrochemical removal, whilst the 

lower zone still exhibits a characteristic EDM surface. The division between 

the EDM dominated zone and the electrochemical dominated zone is not step-

wise, instead a transition occurs in which EDM pits decrease in frequency from 

the bottom of the hole towards the top. The bottom of the transition zone has 

a surface fully covered with EDM craters with minimal signs of electrochemical 

removal, while the top of the transition zone has a surface with no recast layer 

due to electrochemical removal. The centre of this transition zone is therefore 
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defined as the separation between the EDM and ECM zone and is used to 

calculate the EDM zone ratio, determined manually through SEM images 

which clearly show the transition zone, as shown in Figure 43. Although recast 

layer cross sections may aid in determination of the zero-recast point, due to 

the variable nature of the surface a single cross-section is not precise and may 

not be accurate, and as it is not possible to take several cross sections of the 

same hole due to the small size, surface SEM and roughness data which 

produce data over the entire surface are a necessary compromise. In this 

case, electrochemical removal has resulted in pitting of the recast layer 

through anodic dissolution resulting in its removal. The size of the discharge-

dominated zone decreases with increased conductivity from 36% at 200 

µS/cm to 11% at 1000 µS/cm as shown in Figure 44, due to the increased 

dissolution with increased conductivity. In this process, similarly with 

conventional electrochemical machining, no salts are observed on or below 

the surface in the SEM analysis. This is because they are either flushed away 

or react with the material and are then flushed away. Any residual electrolyte 

on the surface is washed away easily, thus salt contamination is never a 

concern with ECM 
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Figure 43 – Dissolution behaviour through SEM analysis. SEM back-scattered images showing the recast surface of holes. (a) 
Figure showing SEM view used in b-h and image of full hole and corresponding surface. (b) Holes from 1 to 1000 µS/cm 

conductivity using chloride to induce electrochemical dissolution. (c-h) High magnification micrographs of the surface showing 
increased chemical action. 3 holes were machined at each conductivity level.
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Gradual electrochemical removal from the discharge zone to the dissolution 

zone is shown through Figure 43c–h, which takes place along the hole axis, 

and with the increase in conductivity from 1 to 1000 µS/cm. Slight 

electrochemical removal can be observed in Figure 43d. At this level however 

the EDM surface oxides are not removed. Increased electrochemical removal 

causes pitting and cracking of the oxides (Figure 43e), followed by removal of 

all oxides (Figure 43f), and finally a homogeneous surface with the entire 

recast layer removed (Figure 43g,h). The pit diameter is shown to increase 

from less than 1 µm to 5 µm at 1000 µS/cm.  

 

Figure 44. MRR and EDM zone data. Change in MRR and the EDM Zone 
(area dominated by EDM discharges compared to the ECM removed area) 

with conductivity, using NaCl to enable dissolution at five conductivity levels. 
MRR error bars represent ± SD from mean n = 3. 

 

The increase in conductivity was also shown to have little influence on the 

overall material removal rate (MRR), shown in Figure 44, which implies that 

ECM removal has a very limited influence on the EDM removal mechanisms, 
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however with increasing conductivity a decreasing trend can be seen after 600 

µS/cm. The EDM Zone was also shown to decrease with an increase in 

conductivity due to increased electrochemical strength. 

 

Figure 45. Clarifying the EDM and ECM zone through roughness analysis. 
(a) Effect of NaCl conductivity on the change in roughness with depth, 

showing two distinct roughness zones corresponding to the EDM and ECM 
zones(b) Diagram clarifying locations of sampled lateral profiles. c) Effect of 
NaCl conductivity on the change in Rz, a measure of the maximum heights 
measuring the largest amplitude of peaks and valleys across the surface. 

 

Figure 45 shows a comparison of the change in Ra roughness along the depth 

of holes machined with NaCl electrolytic-dielectrics at 1, 200, 600, and 1000 

µS/cm (400 and 800 µS/cm omitted for figure clarity). An increase from 1 to 

200 µS/cm causes a profile with a considerably reduced roughness, with two 
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distinct zones. The top portion has a low roughness, which at 1.5 – 2 mm depth 

begins to rapidly increase tending towards the roughness of DI. By comparing 

to Figure 43 and Figure 44 we can correspond this to the EDM and ECM 

zones, relating the presence of EDM craters to the increased roughness and 

the smoothing of electrochemical removal to the decreased roughness. An 

increase in conductivity increases electrochemical strength causing more 

recast removal and smoothing and increasing the length of the low roughness 

ECM zone. NaCl at 1000 µS/cm shows a significantly reduced roughness and 

only begins to increase in roughness between 2.5 – 3 mm. The change in 

roughness data thus shows increased ECM removal in the ECM zone due to 

surface smoothing and increased roughness in the EDM zone due to electrical 

discharges. The lower roughness at the transition is due simultaneous ECM, 

however the high roughness of the EDM is not observed as this data could not 

be captured on the Alicona G5 due to the gradient of the hole end (curve 

upwards resulting in reduced light capture for height analysis). The Rz 

parameter was also used as this may be more relevant for pitted surfaces as 

it accounts for the maximum heights across a surface by considering the 

average of the largest heights (sum of valleys and peaks) across a surface. A 

similar trend to the Ra parameter was seen, however a larger roughness is 

seen for all surfaces as this parameter takes into account the largest heights 

as compared to the Ra mean parameter. Although this data shows recast 

removal through surface smoothing, it cannot be used to obtain the EDM zone 

or the zero recast point as it only shows a change in roughness. Thus SEM 

images, which clearly show craters and electrochemically removed surface, 

are currently the preferred method. 
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Figure 46 shows the decrease in roughness with an increase in dielectric 

conductivity and shows a clear comparison in surface roughness between an 

EDM surface and an electrochemically smoothed surface. The portion of the 

hole surfaces analysed was measured from the same distance (0.3 mm) from 

the top of each hole, in the electrochemical zone. Although the volume of 

material removed from the recast layer was not analysed, it can be assumed 

that a decrease in roughness, i.e., anodic levelling, correlates to increased 

material removed from the recast layer. 

 

Figure 46. Roughness analysis of surfaces. a) Showing the change in 
roughness with conductivity in Sa and Sz with accompanying 3D/2D surface 

maps to visually show the change. Roughness error bars represent ± SD 
from mean n = 3. b) A close up of the difference between two conductivity 

levels caused by dissolution. 
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5.3.2 Altered Electrolytic-dielectric composition 

Using NaCl, it was shown that electrochemical removal during EDM hole 

drilling can result in a hole with zero recast layer along the majority of the hole. 

In the case of chloride anions, anodic dissolution occurs by aggressive 

electrochemical pitting, which rapidly removes material. Within conventional 

ECM, both the current density distribution and the electrolyte can be altered to 

allow a higher degree of control over the material removal mechanism and 

ensure a high surface quality is generated [139-141].  

Given the limited ability to control the electrical conditions across the inter-

electrode gap (IEG) within this hybrid setup, different salts were used to control 

machined surface quality by altering the precise mechanism of 

electrochemical dissolution. With NaCl, aggressive chloride ions result in 

strong active dissolution [142]. Carbonate (HCO3), nitrate (NO3), and sulfate 

(SO4) were chosen as less aggressive salts capable of forming passivating 

oxide layers when voltages are applied [103]. Nitrite (NO2) was selected as it 

is commonly used as an anodic corrosion inhibitor due to its ability to form an 

effective compact passivating layer [143], while sulfite (SO3) was selected due 

to its application as a corrosion inhibitor by acting as an oxygen scavenger 

[144]. 
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Figure 47. SEM analysis of surface and recast layers. a) Surface and recast 
layer views for both 600 and 1200 µS/cm holes, with recast area highlights in 
red. b) SEM-BS views of the surface and recast layer of the holes machined 

with the salt additives showing average recast layer depth c) Enlarged 
images of DI compared to sulfite. 

 

Figure 47b shows that DI of 1 µS/cm conductivity produces an average recast 

layer depth of 6.8 µm. The recast layer is highlighted in red manually to visually 
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distinguish the layer from the bulk material for ease of viewing. At 600 µS/cm, 

NaCl causes pitting on the recast surface. This pitting removes material from 

the recast layer to an average recast layer depth of 2.2 µm, a reduction of 68% 

from deionised water, while the depth of the hole is the same as deionised 

water with a similar MRR as shown in Figure 68. When the conductivity is 

increased to 1200 µS/cm by increasing the amount of dissolved NaCl, the 

pitting action increases due to increased concentration of chloride ions able to 

transfer charge for material removal. The pit diameter and depth increases, 

shown in the SEM recast images in Figure 47b, and the entire recast layer is 

removed. The MRR of the hole, as shown in Figure 68, is similar at 600 µS/cm 

to DI (0.073 mm/s to 0.074 mm/s), however at 1200 µS/cm the change is more 

significant, from 0.074 mm/s to 0.057 mm/s (21.6%). This is likely due to the 

reduction in electrical discharges due to the higher electrical conductivity and 

increased charge transferred by anodic dissolution in the electrolytic-dielectric. 

In both cases, dissolution of the recast layer shows increased removal along 

the hole due to increased exposure time.  

The EDM zone is seen to decrease with an increase in conductivity, with 

NaCl having the smallest zone followed by Na2SO3. NaHCO3 is shown to have 

little decrease in EDM zone, while the other electrolytic-dielectrics have a 

similar decrease with conductivity. A decrease in MRR also results in a 

decreased EDM zone for all holes. 

The accuracy of the process is shown in Figure 48, which shows a 

comparison of the overcuts between the electrolytic-dielectrics. With an 

increase in conductivity, the overcut increases, from a minimum of 3.8 % using 

Na2SO3 at 600 µS/cm to a maximum of 8.4 % using NaCl at 1200 µS/cm. The 
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overcut is the amount of diameter increase compared to the size of the 

electrode (1.9 mm). For example, a hole of top diameter 2.09 mm has an 

overcut of 0.19 mm (increase in diameter) or 8.4 %, and a lateral gap width is 

0.09 mm (half of the overcut, or radius increase). For comparison, DI produces 

an overcut of 4.6 %. A hole with a small EDM zone, which has increased ECM 

removal, is thus shown to result in a larger overcut.  

The overcut also confirms that the lateral gap where ECM occurs is larger 

than the frontal gap, as the increase in lateral gap ranged from 50 to 92 µm at 

1200 µS/cm, which is larger than then the gap width in hole drilling EDM which 

can range from 5 – 50 µm. The lateral gaps are shown in Figure 49 for the 

electrolyte-dielectrics, which also show the frontal gap width. The estimated 

gap width can be calculated by E = V/d, where E is the electric field or dielectric 

breakdown limit of DI in V/m, V is the voltage in Volts, and d is the gap distance 

in m. As the concentration of the 1200 µS/cm electrolytic-dielectric in moles is 

very small (0.12 Moles for NaCl) the effect on the dielectric breakdown limit is 

negligible and can be ignored thus can be taken as 80 V/m [145, 146]. At the 

current setting of 19A the machining voltage is 14V, which is the same for all 

electrolytic-dielectrics for the EDM pulses (as obtained from the waveform 

experiments in Chapter 6), and the dielectric strength of DI is 80 x 106 V/m, 

therefore d = 14 / 80 = 17.5 µm. This is the minimum gap width that can be 

expected, which is the width produced at the point where EDM occurs.  

However, gap conditions (such as amount of debris, gas, turbulence) can 

affect this value. 

 



 

120 

 

Figure 48 – MRR data, EDM Zone percentage, and Overcut. MRR and 
EDM zone for electrolytic-dielectrics at 600 and 1200 µS/cm compared to DI, 
showing a decreasing trend in MRR and EDM Zone at higher conductivities. 

A corresponding change in entrance hole diameter overcut is stated. 
 

To confirm this value experiments to calculate the frontal gap were 

undertaken. The frontal gap is only affected by the EDM side of the process, 

which was confirmed in Chapter 6, thus the pulse characteristics (pulse shape, 

voltage, current) and breakdown limit are the same between electrolytic-

dielectrics. Machining was halted at 3 points during the machining of the hole 

and the frontal gap was measured. The frontal gap changed from 15 µm at 5 

seconds to 22 µm at 15 seconds, due to the gap being contaminated with 

debris and bubbles, and stayed around that width for machining. The frontal 

gap was also measured for Di and was similar around 20 µm, however both 

measurements varied by 2 – 5 µm due to gap conditions. The frontal gaps 

measured are smaller than all of the lateral gaps measured, which confirms 
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the hypothesis that a larger lateral gap is needed for electrochemical removal. 

The lateral gap also increases with conductivity, linking to the decreased EDM 

zone and larger zero recast area. The point at which the lateral gap is equal 

to the frontal gap is the point at which EDM discharges will occur and the EDM 

zone begins, which is shown through the EDM zone data discussed. 

 

Figure 49. Showing the maximum gap widths in the machined holes for the 
electrolytic-dielectrics from the top diameter, and the Frontal EDM Gap width. 
 

NaHCO3 exhibits a surface with a protective oxide layer. These oxides are 

spread across the surface as compared to the EDM oxides, which are 

concentrated around craters. They can also be inferred to be mechanically 

weaker as surface oxides are reduced following sample preparation to view 

the surface, and no oxides remained after post-process polishing to view the 

recast layer, while EDM oxides remained attached. The reduced surface 

oxides are shown in Figure 47b, while an example of an undisturbed NaHCO3 

surface is shown in Figure 56on the 3D surface (which was cut via W-EDM to 

reduce cutting force). This oxide layer is brittle and is prone to cracking, as 



 

122 

shown in Figure 47b by the darker angular sections and cracked regions, 

which results in the oxide layer spalling and being removed away by the high 

pressure flushing and thermal gradients. Regions of pitting are also observed. 

The recast layer depth at 600 µS/cm is 4.9 µm with only a 1.5% reduction in 

MRR compared to deionised water due to the restricted electrochemical 

machining of the recast layer, likely due to passive layer formation. An 

increase to 1200 µS/cm reduces the recast layer depth to 3.2 µm due to the 

increased ability to carry charge, with a reduction in MRR of only 2.6%. In both 

cases, the MRR is similar to that of deionised water which may be explained 

by the limited electrochemical removal due to the oxide layer, in which 

electrical charge is used in oxide layer formation rather than material removal.  

NaNO3 at 600 µS/cm produces a complex surface with sections of 

completely removed recast layer while some areas are only partially dissolved 

as shown by the two district regions in Figure 47b, likely due to the variable 

electrical conditions within the IEG. The average recast layer depth is 2.0 µm 

with a reduced MRR of 6.1%. This value is similar to the recast depth for NaCl, 

which may be accurate for the chemically removed areas, however due to the 

method of measuring average recast depth, by sectioning the hole, it is 

possible that the true average recast thickness is larger if all non-removed 

sections of the recast layer are factored in. When the conductivity is increased 

to 1200 µS/cm the surface is covered by pits and the entire recast layer is 

removed due to increased chemical effects.  

NaNO2 produces a surface with minimal pitting with no apparent oxides on 

the surface remaining, however with some regions with increased pitting due 

to preferential chemical machining as discussed earlier. Due to this the recast 
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layer has decreased to 1.7 µm with a reduction in MRR of 7.8%. With an 

increase to 1200 µS/cm the recast layer depth is only 0.6 µm with a reduction 

in MRR of 18.4% and a similar decrease in MRR compared to NaNO3. All 

craters and protrusions have been mostly removed through electropolishing 

and a surface is produced with regions of pitted and smooth metal. However, 

at certain preferential electrochemical machining regions pitting occurs 

excessively. 

The surface of the Na2SO4 hole is similar to NaNO2, however less recast 

layer is removed but with minimal pitting of the surface. Anodic dissolution is 

thus more uniform and does not form oxides or excessive pitting. At 600 µS/cm 

the recast layer depth is 2.2 µm with a reduced MRR of 6.7% compared to 

deionised water, and a higher MRR compared to NaNO3 and NaNO2. When 

the conductivity is increased, the recast layer is significantly levelled with no 

sign of pitting or oxide layers. Preferential removal at grain boundaries can be 

seen. The MRR is also decreased by 35.8%. 

Na2SO3 has an average recast layer depth of 1.8 µm and no pitting, with a 

reduced MRR of 8.4%. At 1200 µS/cm the entire recast layer is removed and 

a finely polished surface can be seen showing the grain boundaries with no 

edge removal in a similar mechanism to Na2SO4. In this case the MRR has 

only reduced by 22.6%. 
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5.4 Discussion 

5.4.1 Removal Mechanism 

It is now possible to deduce the working mechanisms of the process. From 

Figure 43 it was shown that two distinct regions on the surface are present, 

the EDM zone and the ECM zone, separated by a transition area. These zones 

change proportions with increased conductivity, which then reduces the EDM 

zone.  

This change in EDM zone can be explain by the macro-scale of the process. 

When machining starts, the discharge gap, Dd in Figure 50, is equal on the 

frontal and side areas. This results in electrical discharges throughout the 

entire surface, therefore dominating removal while electrochemical removal is 

limited. Once the side gap, Dc, begins to expand larger than the discharge gap, 

due to simultaneous electrochemical removal, secondary discharges [64], and 

debris bridges, removal at the side walls begins to be dominated by anodic 

dissolution. Although anodic dissolution occurs throughout the entire surface 

which is exposed to electrolytic dielectric, EDM only occurs on the frontal area 

of the electrode, i.e. where the gap distance is shortest. When a sufficient side 

gap is reached, only electrochemical removal occurs as the gap is so large the 

likelihood of discharge is effectively reduced to zero. Thus, electrolytic 

behaviour of the working fluid dominates in this region. The larger lateral gap 

compared to the frontal gap was shown in Figure 49 which that a larger lateral 

is needed for ECM removal, and that increased ECM removal is linked to a 

larger lateral gap. The reduced electrical discharges on the side walls also 

results in reduced electrode side wear proportional to the conductivity, 
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resulting in reduced electrode frontal curvature due to discharges focussing 

on the frontal area. The minimum EDM zone can therefore be defined as 

shown in Figure 51, in which the fixed EDM zone is equal to the sum of the 

corner radius and spark gap, as this region is the area that, in addition to the 

frontal area, advances towards the workpiece material to initiate electrical 

discharges. 

 

Figure 50. Proposed process mechanisms. EDM and ECM hybrid process 
showing simultaneous chemical and discharge removal. Distinct EDM and 

ECM zones are present in the process. ECM zones caused due to increasing 
gap, reducing discharges in the regions. Frontal area gap is smaller than 

EDM discharge gap resulting in sparks. 
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Figure 51. Showing theoretical calculation of the EDM zone length for blind 
holes. Red and blue highlighted regions show areas dominated by EDM and 

ECM removal. 
 

Therefore, the side area can be considered electrolytic locally, while the 

frontal area as dielectric. EDM discharges are thus used to advance hole 

depth, while anodic dissolution is used to remove recast layer, simultaneously. 

In this case, the electrochemical side does not significantly affect the EDM 

side, as shown by the minimal change in MRR with conductivity and EDM 

zone. This may be due to the increase in gases (due to production of cathodic 

hydrogen and anodic oxygen, which increase with conductivity) and so 

promotes EDM sparking due a decreased breakdown strength and preferential 

discharge paths caused by debris accumulation at bubble interfaces. It may 

also be the case that at the low conductivities used, electrical breakdown is 

not significantly hindered, therefore breakdown still occurs. If the dielectric 

conductivity is increased by a magnitude, then it can be predicted that pulse 
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energy would cause high electrochemical current through the electrolyte which 

would clearly hinder breakdown. This is the case in ECDM in which current 

causes electrochemical gas generation instead of a standard discharge, and 

the actual discharge only occurs between the boundary of the large gas bubble 

and electrode, EDM and anodic dissolution can therefore be considered to 

occur simultaneously on the macro scale, while on the individual discharge 

scale they occur concurrently. 

The white dotted line region in Figure 50 shows electrochemically removed 

material, while the inverse region of diameter Dd shows the material removed 

via EDM only. This results in a surface characteristic of anodic dissolution, 

whilst exhibiting zero discharges on its surface. The red region shows the EDM 

zone, which is also the zone with increased temperature. The green zone 

shows the ECM zone, in which the concentration of ECM removed material 

reduces further away from the surface (shown by the gradient). 

On the microscale, increased anodic dissolution through pitting occurs 

when conductivity is increased, due to a higher concentration of aggressive 

chloride anions (increasing charge passed) reacting with the anode workpiece 

surface liberating metallic hydroxides into the fluid due to its non-passivating 

nature. This increase in dissolution is also seen along the axis of holes due to 

increased exposure time of the workpiece surface to the anions available in 

the electrolytic dielectric, with larger and deeper pits occurring towards the 

entrance of the hole which coalesce into a smoothed surface. The decrease 

in roughness can also be explained by anodic levelling, in which protruding 

sections of recast are preferentially removed by the primary current distribution 
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[147], which is intensified with an increase in dielectric conductivity and 

exposure time. 

5.4.2 Manipulating anodic dissolution mechanisms to control 

surface morphology 

In the case of chloride anions, anodic dissolution occurs by aggressive 

electrochemical pitting (due to its non-passivating nature), which rapidly 

removes material. Between Figure 43d–h, the change in pit morphology can 

be explained by superposition of pits. As machining time increases the pits 

increase in diameter and begin to overlap which cause the holes to merge, 

resulting in a markedly smoother surface [36]. This is shown more clearly in 

Figure 52, where an EDM crater shows gradual chemical removal with areas 

of pit super-positioning.   
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Figure 52. SEM images showing electrochemical dissolution via pitting and 
super positioning of pit craters. 

 

Figure 53 shows that for NaCl the aggressive pitting results in a small EDM 

zone as a considerable amount of material is removed. The transition zone 

shows strong pitting of craters. In the mid-section of the 600 µS/cm hole, crater 
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outlines can be seen where, due to the geometry of the craters and preferential 

anodic dissolution at crater edges, remnants of craters are observed even 

though most of the recast layer has been removed. At the top of the hole the 

surface then becomes homogenous. The 600 µS/cm hole can thus be shown 

to have a large change in surface morphology along the hole. With an increase 

in conductivity, the hole surface morphology is more consistent along the hole, 

however pit superposition is more pronounced and electrochemical removal 

can result in large pits and excessive removal and so is considered to have 

limited control. 

 

Figure 53. Change in surface morphology along the hole surface for NaCl 
and NaHCO3 electrolytic-dielectrics. 
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For NaHCO3 the electrochemical effect on the recast layer is notably 

different. With passivating electrolytes, the anions (e.g. bicarbonate) cause 

electrolysis and cause oxygen to react with the base material to produce a 

protective oxide layer, which restricts further chemical removal of the metal 

[147]. This oxide layer is seen throughout the surface, as compared to the 

concentrated EDM oxides, and is also mechanically weaker. This was 

because in Chapter 5.3.2, in which the samples were sectioned for recast 

depth analysis, no ECM generated were observed on the recast layer, 

however EDM oxides could be seen for DI. During the process, due to the 

brittle nature, cracks and spalling occur due to flushing and temperature 

gradients. The bicarbonate ions then react with the exposed metal to remove 

more of the recast layer. Oxide film breakdown can also be explained by 

transpassive dissolution due to the formation of unstable oxides, in which the 

oxide film begins to break down, further aiding oxide film spalling, thus 

enabling further pitting or oxide formation [103]. Other areas on the surface 

also exhibit electrochemical removal by mild pitting (compared with chloride). 

At certain conditions pitting can occur which leads to a reasonably smooth 

surface as pits superimpose [105]. This implies that a cyclic process of passive 

layer formation, layer removal, pitting, and passive layer reformation occurs 

throughout the machining of a hole. From Figure 53 there is little difference 

between the EDM zone and the electrochemically removed area due to the 

generation of oxides limiting electrochemical removal. Craters are mostly 

intact with some of the recast removed. There is also little change in surface 

morphology along the hole depth due to the limited electrochemical removal, 
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thus the electrochemical removal is more controlled, albeit with limited recast 

removal and generation of surface oxides. 

 

Figure 54. Showing the chance in surface topography along the hole due to 
differences in electrochemical effects with NaNO3 and NaNO2. 

 

Figure 54 shows the change in surface for NaNO3 and NaNO2. Unlike 

NaHCO3, for NaNO3 the oxide layer is not clearly visible on the surface after 

machining, which may be due to the increased electrochemical removal 

compared to oxide formation which results in the oxide layer not building up 

and instead being continuously removed (due to the high-pressure flushing, 

thermal gradients, and pitting). Localised dissolution may be due to the 

electrochemically generated oxide film breakdown at defect sites such as 
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pores within the oxide layer, which causes localised breakdown and pitting 

[148]. Further removal occurs more easily in these ‘activated’ areas compared 

to areas protected by oxides, compounding material removal. Even after re-

formation of the oxide layer in the pitted areas, and the removal of the oxide 

layer in other areas, the two distinct regions will remain. Another possible 

reason for localised electrochemical removal is that anodic dissolution is 

reduced on the areas with EDM generated oxides, which usually surround the 

craters. Thus, dissolution first occurs on the exposed metal followed by the 

EDM oxide regions after these oxides have spalled off. This is also seen for 

NaHCO3, but not for NaCl due to breakdown being actively promoted with 

more breakdown points per unit area, while for NaHCO3 and NaNO3 there are 

fewer breakdown points, which then enlarge. Conversely, in some areas the 

EDM generated oxides may spall off first, which then results in dissolution in 

those areas due to preferential chemical dissolution. The pits are considerably 

larger than NaCl. One explanation for this is due to the hole depth and MRR 

being significantly less than NaCl (a reduction of 37.7% in MRR from deionised 

water), due to reduced electrical discharges, which would increase the time 

for electrochemical machining on the smaller hole internal surface, compared 

to the deeper and thus larger area NaCl machined hole. This implies that if 

there are fewer electrical discharges occurring per second, which would result 

in a shallower hole, then anodic dissolution of the recast layer will increase 

due to the smaller electrochemical machining area that effectively focuses the 

current density. Thus, controlling the amount of electrical discharges is key to 

controlling the amount of dissolution of the recast layer. Figure 54 shows a 

change in surface morphology similar to NaCl. For 600 µS/cm craters are 
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gradually removed via pitting leading to a fully pitted surface. However due to 

the dissolution mechanisms as discussed, controllability is limited due to 

electrochemical removal resulting in areas of non-removed recast. At 1200 

µS/cm pit superposition and localised attack occurs resulting in large pits, 

while some portions of the surface have remaining recast. 

The nitrite ion from NaNO2 is well known to be a passivating corrosion 

inhibitor due to it easily forming an effective oxide film on a surface [143, 149]. 

Compared to NaNO3 it can be assumed that the formed oxide layer is more 

stable thus reducing the rate of electrochemical dissolution resulting in a 

surface which is more uniformly machined with reduced pitting. This can be 

explained though the diffusion-controlled removal mechanisms, in which 

electrochemical removal is limited due to either a viscous layer, salt layer, or 

thin oxide film [147]. Figure 54 shows that surface morphology is more 

controlled than NaNO3 with no remaining recast regions, however preferential 

pitting occurs resulting in areas of excessive electrochemical removal. 
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Figure 55. Showing the chance in surface topography along the hole due to 
differences in electrochemical effects with Na2SO4 and Na2SO3. 

 

At 1200 µS/cm Na2SO4 exhibits increased removal with no sign of pitting or 

oxide layers, as shown in Figure 55, explained due to the oxide layer formed 

controlling chemical removal of the base material via controlled diffusion, 

resulting in a polished surface. To achieve this, a thin and compact film must 

form which is contaminated by significant amounts of anions from the solution 

while also having sufficient ionic conductivity to allow for the passage of 

cations at a high rate [105]. Figure 55 shows a controlled and gradual removal 

of the surface recast layer leading to smooth surface near the top of the hole, 

for the 600 µS/cm hole. At 1200 µS/cm a large portion of the surface has 
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similar morphology (smoothed) thus can be considered to be a controllable 

surface with no excessive electrochemical removal. 

Na2SO3 exhibits a finely polished surface showing grain boundaries and 

little edge removal. Na2SO3 is a reducing agent, commonly used as a corrosion 

inhibitor by the mechanisms of oxygen scavenging which removes dissolved 

oxygen from the solution by oxidising to Na2SO4 [144]. A decrease in oxygen 

content would then decrease the acidification of the zone [103] thus reducing 

the rate of chemical dissolution further, as compared to Na2SO4. Na2SO3 is 

therefore shown to produce the most favourable surface in terms of surface 

integrity with no apparent surface defects at this length scale. Figure 55 shows 

a change in surface morphology similar to Na2SO4 but with increased 

electrochemical removal and leading to a smoother surface. Na2SO3 can be 

considered to be the most controllable, in terms of no excessive 

electrochemical removal and with a large proportion of the surface exhibiting 

similar and preferred surface morphology.  

 

The small reduction in MRR between conductivities can be attributed to the 

reduction in electrical discharges due to the higher electrical conductivity and 

increased charge transferred by anodic dissolution in the electrolytic-dielectric. 

Another explanation is that the increased electrical conductivity increases gap 

width which increases the machining voltage, thus resulting in less material 

removed per discharge (even at the same energy) due to decreased energy 

density, energy dissipation, and heat flux [134]. The increased gap width also 

may result in increased high voltage intervals due to the larger gap [150, 151]. 

An increase in gap was also shown to increase the bubble diameter, likely due 
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to increased energy used in bubble generation instead of metal removal, which 

was also shown to increase impulse force [45] and vapour jet force [36] 

however due to decreased material melting MRR is not affected by the 

increase in impulse force. Although there are limited studies on the effect of 

conductivity on spark gap, a comparison can be made with studies that added 

conductive powder to the dielectric. In all cases the gap width and voltage was 

said to increase with the breakdown limit decreasing [152-154]. 

 

From Figure 68 it was shown that the EDM zone decreases with 

conductivity for all electrolytic-dielectrics. This is due to increased ions 

available for anodic dissolution increasing charge passed and removed 

material, as shown through Faraday’s Law which relates charge to material 

removed. NaCl was shown to have the smallest EDM zone due to it being the 

most aggressive additive (non-passivating) and due to its likely higher current 

efficiency due to being non-passivating, followed by Na2SO3 which was 

explained to be the least aggressive (passivating). A smaller difference with 

an increase in conductivity was also shown for Na2SO3 and NaNO2, as 

compared to Na2SO3 and NaNO3 respectively. This is also due to these salts 

being less aggressive due to the differences in chemical dissolution 

mechanisms as discussed previously (corrosion inhibition for NaNO2 and 

oxygen scavenging for Na2SO3). 

It was shown that hole accuracy was influenced by the electrolytic-

dielectrics in terms of affecting the overcut. Electrolytic-dielectrics with 

increased electrochemical removal, such as NaCl and higher conductivities, 

will remove more material on the sidewalls in addition to the EDM overcut, 
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therefore potentially negatively affecting hole accuracy. Compared to DI, 

which had a 4.6 % overcut, NaCl at 1200 µS/cm produced the lowest accuracy 

with a 8.4 % overcut. However, Na2SO4, which was shown to be least 

aggressive and most controllable salt, produced an overcut of only 5.2 % at 

1200 µS/cm, an increase of only 1.4 % overcut compared to DI. This small 

increase in overcut and decrease in MRR is a fair compromise for a surface 

with no recast, and can easily be addressed through improvements to process 

control, process optimisation, and electrolytic-dielectric composition which will 

be discussion in Chapter 6 and in future work. 
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Figure 56. Altered surfaces through different chemical mechanisms. Showing the different surface morphologies due to different 
types of chemical effects on the recast layer. SEM images of each surface to relate illustration to machined hole surfaces. 
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The electrochemical part of the process can thus be generalised into three 

discreet mechanisms - oxide-limited passive removal, electropolishing, and 

aggressive (non-passivating) removal, as shown in Figure 56 with NaHCO3, 

Na2SO3, and NaCl, respectively.  

DI shows a typical EDM recast layer with surface defects. NaHCO3 shows 

a surface with limited electrochemical removal and the presence of 

electrochemically induced oxides. Here electrochemical removal is limited due 

to energy (charge) being used in production of surface oxides instead of 

removing recast layer material. Material is gradually removed, which increase 

with time and conductivity leaving a surface with partial craters and oxides, as 

also shown in Figure 57. In electrochemical machining, gas is generated from 

the cathode via hydrogen evolution. Oxygen can also be generated on the 

anode surface, which is promoted when oxide layers are present [103]. For 

NaHCO3 it can be assumed that gas generation is high due to the oxide layers 

formed on the surface, while for Na2SO3 gas generation may be low due to no 

presence of oxides. More energy is thus used for NaHCO3 instead of removing 

material compared to Na2SO3, resulting in a lower current efficiency.  

The second mechanism combines electrical discharges with 

electropolishing. Here the recast layer is removed gently through mass 

transport controlled means, resulting in a surface with little pitting with most of 

the recast layer removed. This may be through a compact thin film or viscous 

salt layer. Na2SO4 is shown to gently remove material with some pitting which 

shows breakdown of the layer, while Na2SO3 gently removes the recast layer 

with minimal pitting, leading to a smooth and controlled surface with no pitting. 

SO3
2-

 is also an oxygen scavenger which removes dissolved oxygen from the 



 

141 

solution by oxidizing to SO4
2-

 [144]. This might alter the pH of the machining 

zone, leading to slow and controlled dissolution resulting in a polished surface.  

The third mechanism involves aggressive pitting, and these pits grow in size 

with time and increased conductivity, ultimately coalescing into a smooth, yet 

pitted surface. In Figure 57, NaCl is shown to remove material via aggressive 

pitting which lead to pit superimposition. 

NaNO3 and NaNO2 show surfaces with a mixture of electro-polishing and 

pitting. As shown in Figure 57, NaNO3 removes material by pitting in some 

areas, while having limited removal in some, leading to a mostly pitted surface 

with spots of remaining recast. NaNO2 shows a surface with minimal pitting, 

leading to a smooth surface with large pits at preferential areas. 
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Figure 57. Shows a summary of the electrochemical removal mechanisms 
of each electrolytic-dielectric. 

 

5.5 Conclusion 

A method to remove the recast layer in a single stage process was 

produced and was shown to effectively remove the recast while having 

minimal effect on the EDM side of the process. Increasing conductivity was 

shown to increase removal of the recast layer with NaCl, as well as exposure 

time shown through an increase with depth. NaCl produced a pitted surface, 

therefore the aim was to control electrochemical dissolution mechanisms to 
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control the resulting surface. NaHCO3 was shown to result in a surface with 

passive oxides with limited recast layer removal. NaNO3 and NaNO2 produced 

surfaces with removed recast layers, however with regions of excessive 

electrochemical pitting and removal. Finally, Na2SO4 and Na2SO3 produced 

smooth surfaces with removed recast, with Na2SO3 removing the recast 

through controlled electro-polishing. The change of surface morphology with 

depth was also least with Na2SO3 and largest with NaNO3, showing the 

difference in surface controllability between electrolytic-dielectrics.  
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6 Enhanced understanding of Electrolytic-dielectrics by 

waveform and gas analysis 

6.1 Introduction 

The balance between EDM and ECM was shown to be crucial in the 

resulting surfaces, therefore understanding at the discharge scale is needed 

to control the process and produce tailored surfaces.  

This chapter aims to understand the altered surface removal mechanisms 

due to different salts which alter the balance at the discharge scale, to enable 

future selection and development of electrolytic-dielectrics. Discharge 

waveform analysis is thus needed to quantify this balance.  

Gas generated is a crucial metric for both EDM and ECM and can give 

substantial information about gap conditions and removal rates. By linking this 

to the different electrolytic-dielectrics, machining outputs, and waveform 

analysis, the process can be further elucidated. 

The chapter them aims to propose a simple model to illustrate the overall 

process balance and zero-recast point by using fundamental electrochemical 

theory and process pulse data. 
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6.2 Methodology and Experimental Process 

6.2.1 Waveform and pulse analysis 

Waveform analysis was conducted to measure the proportion of different 

types of pulses in machining. Waveform data was measured for 1.2 seconds 

at three instances for each dielectric, at 3, 20, and 35 seconds after the start 

of machining, using the set-up showed in Figure 11. Due to the size of the data 

set (2,000,000 points) and inability to record data continuously, 1.2 seconds 

were recorded at 166,670 Samples/s of machining at three instances to 

assess the change in pulse type ratios with machining time and depth. 

 

Figure 58. Waveform and pulse analysis. Method of discriminating 
waveform pulses based on amplitudes of wavelets.



 

146 

 

Waveform data was analysed in Matlab. Pulse start and end points were 

calculated by differentiating the waveform, revealing large changes in voltage 

and current which relate to pulse start and end times. Pulse discrimination was 

achieved using the discrete wavelet transform with the Daubechies wavelets, 

which matches well with EDM waveforms in terms of shape [155] as shown in 

Figure 58. While the Fourier transform can extract only frequency information, 

the wavelet transform can extract both temporal and frequency information, 

revealing localised information from signals. The wavelet transform utilises a 

wavelet, which is a finite length oscillating wave which starts and ends with 

zero amplitude, to separate a signal by its frequencies. By compressing a 

wavelet in the time domain using the scaling factor in the wavelet transform 

and shifting it across the length of a signal while convoluting it with the 

waveform (amount of overlap), it is possible to extract the high frequency 

components [156]. Similarly, by stretching the wavelet and shifting it across a 

signal it is possible to extract the low frequency components, shown in Figure 

58, which shows the high, medium, and low frequency transformed data. By 

using the amplitude values from the transformed voltage and current 

waveforms and comparing them against threshold values, it is possible to 

count and discriminate pulses into different types. Threshold values must be 

manually chosen by first understanding which types of pulses are present in 

the raw current and voltage data, and then relating the different types of pulses 

to the values of the corresponding wavelet transformed pulses by manual 

sampling. The exact values of the ranges will differ when electrical parameters 

and experimental equipment are changed. In this way, if the threshold 
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condition for both the current and voltage is met for a certain pulse type the 

pulse can be automatically categorised. Different pulse types have discreet 

thresholds, for example an electrochemical pulse will have a very high voltage 

and a very low current, while an EDM pulse will have a medium voltage and 

medium current, and a semi-arc pulse will have a low voltage and high current. 

By going through each pulse sequentially and comparing to these discrete 

pulse signatures, pulses can be categorised. The wavelet transform allows 

this signature to be more easily categorised by essentially simplifying the 

waveforms to reveal clear pulse signatures. 

 

Figure 59. Example of counts for different types of pulses varying with time, 
done at 3 instances for each hole. 

 

Figure 59 shows the counting of pulses at one of the recording instances. 

The zoom in shows that when the EDM pulses stop (black line), the ECM 

pulses begin to rise (blue line). The ratio of pulses was then calculated at 3, 

20, and 35 seconds, as well as the overall ratio for all three periods.  
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High voltage intervals were measured by counting areas of sustained high 

voltage (ignoring smaller intervals of high voltage due to discharge delay) and 

comparing to normal machining waveforms. 

6.2.2 Process model 

To understand the process balance between the electrical-discharge and 

electrochemical aspects of the process, and the influence of altered 

dielectrics, a process model was needed. ECM pulse data is needed to 

simulate electrochemical removal, while EDM process data is needed to 

simulate hole advance. The theoretical zero recast point can thus be 

calculated, and with a current efficiency this point can be corrected. Thus, the 

model can help illustrate the importance of balancing the EDM:ECM pulse 

ratio to achieve a desired surface. 

Current-time values from pulse analysis were used to obtain average 

charge and pulse data, for electrochemical pulses observed in the process. 

Current efficiency was calculated by first machining a hole with DI to 

produce a generalised EDM surface exhibiting an altered recast layer serving 

as a baseline for this study. Following this, the dielectric was altered to a 1200 

µS/cm sulfite dielectric and the same electrode was lowered into the hole. The 

same pulse parameters selected previously were used. Electrode advance 

speed was minimised so that no electrical pulses were observed on the 

oscilloscope, as the electrode was essentially stationary in the hole. This 

results in the pulses causing electrochemical machining on the surface of the 

hole. The amount and charge of pulses were recorded for use in the model. 
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Figure 60. EDM recast layer and resulting surface after 140 seconds of pure 
electrochemical machining by preventing EDM pulses, showing the 

electrochemical material removed. 
 

The holes were drilled in the centre of a two-part workpiece clamped 

together to accurately assess the total material removed. 3D profilometry 

using the Alicona G4 was used to measure total volumes removed by EDM 

and electrochemically, on both sides of the holes. This total volume was 

converted to mass using the density of the material. The material removed 

was compared to that calculated by Faraday’s Law using the total charge 

measured to calculate the true current efficiency, which was then used in the 

model. 
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6.3 Results 

6.3.1 Understanding EDM-ECM balance through waveform 

analysis 

To help understand the different chemical interactions and surfaces 

produced with different salts, DI, NaCl, NaHCO3, and Na2SO3 were used to 

machine holes, at 600 and 1200 µS/cm, due to their discrete removal 

mechanisms. For each hole, waveforms were captured using the set-up 

shown in Figure 6, at 3, 20, and 35 seconds after machining. 

 

Figure 61. Pulse types found through waveform analysis. a) Showing the 
different types of current and voltage pulses recorded for DI at 1 µS/cm and 
Na2SO3 at1200S/cm. b) Showing a captured waveform highlighting different 

pulse types. 
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Figure 61 illustrates the different distinct pulses recorded on the scale of 

individual discharges. The high voltage pulse, i.e., where current does not 

increase to the nominal discharge current, occurs when voltage breakdown 

cannot occur due to the breakdown strength of the gap not being overcome, 

owing to gap conditions at the instant of the pulse. In deionised water, this 

results in a high voltage (near-zero current) pulse. When the conductivity is 

increased, this high voltage pulse instead causes electrochemical machining 

to occur, due to the introduced ions. When a high voltage pulse occurs, the 

voltage drops from open voltage due to the anodic dissolution current flowing. 

Once the pulse stops the voltage and current slowly decrease, however 

current still flows in the off-time. 

The electrical discharge pulse is identical for both deionised water and high 

conductivity fluids. In this discharge, high voltage occurs and causes voltage 

breakdown resulting in current flow. This type of pulse is the same for both 

conductivities due to the fact that the discharge gap is full of gaseous products 

and debris which promote discharges, and thus locally the region can be 

considered dielectric leading to the breakdown limit being similar to deionised 

water. Thus, the frontal area fluid can be interpreted as acting as a dielectric 

locally, while the fluid on the side areas acts as an electrolyte.  

A semi-arc pulse can occur in situations such as when insufficient debris 

flushing occurs, fluid dielectric properties are not restored after a pulse, or the 

discharge gap is too small. This results in high currents flowing. This is also 

the same for both deionised water and high conductivity liquids due to only 

occurring in the frontal area.  
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Finally, a delayed discharge can occur if a pulse struggles to cause a spark 

resulting in a discharge delay, which then finally sparks after a certain time. In 

deionised water even if the discharge delay is long, once breakdown occurs 

the entire pulse duration of a spark still occurs. However, in higher conductivity 

liquids the initial discharge delay causes electrochemical machining to occur 

dropping the voltage and increasing the current slightly. The machine however 

recognises this as a pulse and so when discharge occurs the voltage pulse is 

stopped prematurely before the entire on-time duration resulting in a 

combination pulse type. If the discharge delay is larger than the on-time then 

no spark occurs.  

Pulses were sorted into pulse types by comparing the values of the wavelet 

transformed pulses from the current and voltage waveforms. These values 

then fit into discrete threshold ranges, which were obtained from sampling 

waveform data for different pulse types, and thus were used to classify the 

pulses. For example, the threshold range for electrochemical pulse types is 

between 0.1 and 10 for the current wavelet transformed pulse (the value is 

dimensionless as they are wavelet transformed) and between 24 and 100 for 

the voltage wavelet transformed pulse. For EDM discharges, the threshold 

ranges are 15 to 45 and 5 to 40, for the current and voltage wavelet 

transformed pulses, respectively. As each type of pulse has a very distinct 

signature due to the nature of the pulse voltage and current characteristics, 

the threshold ranges are discrete and can thus be sorted into certain pulse 

types. 

In the EDM ratio calculation, both normal electrical discharges and semi-

arc discharges were counted towards the EDM pulse count, whilst the high 
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voltage type pulses were counted as the electrochemical pulse. To control the 

level of electrochemical machining, the amount of high voltage pulses must be 

controlled as this pulse type is the main contributor to anodic dissolution. 

 

Figure 62. Pulse balance. a) MRR and average EDM ratio from all recorded 
for each additive. MRR and pulse ratio error bars represent ± SD from mean 

n = 3. b) Change in EDM to ECM pulse ratios recorded at 3, 20, and 35 
seconds from start of machining for NaCl, NaHCO3, Na2SO3 at 600 and 1200 

µS/cm conductivity. 
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Figure 62a shows that at 600 µS/cm, the EDM pulse ratio (EDM pulse count 

compared to the ECM pulse count), is 76%, 76%, and 74%, and at 1200 µS/cm 

65%, 70%, and 63%, for Na2SO3, NaHCO3, and NaCl respectively. At 600 

µS/cm, NaCl has the most ECM pulses. Although the difference at 600 µS/cm 

is not large due to the low conductivity, at 1200 µS/cm the magnitude of 

difference is larger and NaCl has the most ECM pulses whilst NaHCO3 has 

the most EDM discharges. The increase in conductivity thus increases ECM 

pulse count. As expected, the decrease in EDM discharges is also 

accompanied by a decrease in MRR. 

 Figure 62b shows that after 3 seconds EDM discharges dominate 

machining. At 20 seconds at 1200 µS/cm ECM pulses increase due to the 

increased ECM area, whilst for NaHCO3 the decrease is less. At 35 seconds 

for both NaCl and Na2SO3 EDM pulses increase. Compared to 1200 µS/cm, 

at 600 µS/cm there are considerably more EDM discharges, and the increase 

in ECM pulses is less steep indicating limited anodic dissolution due to 

reduced ions for anodic dissolution. 

To further explore the differences in pulses between dielectric solutions, the 

charges were analysed for electrochemical pulses using the waveform pulse 

data for electrochemical pulses. The average electrochemical pulse charge 

was similar between the sulfite, chloride, and bicarbonate anion solutions, of 

7.62, 7.67, and 7.53 x 10-5 C, at 1200 µS/cm respectively, and 7.46, 7.52, and 

7.32 x 10-5 C at 600 µS/cm respectively. Chloride has a slightly higher charge, 

and bicarbonate the lowest, with an increase in charge with an increase in 

conductivity. The average charge transferred during electrochemical pulses 

was shown to increase with time, from 6.56 x 10-5 C  to 9.56 x 10-5 C. A 
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decrease in solution conductivity from 1200 µS/cm to 600 µS/cm resulted in 

only a slight decrease in electrochemical pulse charge of ~2%. 

Figure 63 shows the roughness of the surfaces produced. The Sa parameter 

was used as a general comparison between electrolytic-dielectrics. Although 

peak to peak may be more relevant for NaCl due to pits, the Alicona focus 

variation instrument cannot obtain data of pit depths at the magnification and 

size needed. It is shown that NaCl is significantly smoother than the other 

electrolytic-dielectrics, followed by Na2SO3 and NaHCO3. Only Na2SO3 shows 

a decrease in roughness with an increase in conductivity. 

 

 

Figure 63. Roughness Sz and Sa parameters of hole surfaces with different 
electrolytic-dielectrics at 600 and 1200 µS/cm conductivity. Error bars 

represent ± SD from mean n = 3. 
 

To confirm whether gap conditions were crucial to the process, the 

percentage of high voltage intervals were measured for each electrolytic-

dielectric, for the two conductivity levels. As shown in Figure 64, NaCl showed 

the highest percentage of high voltage intervals; while NaHCO3 showed the 
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least out of the electrolytic-dielectrics (DI is most stable). The difference is 

small at 600 µS/cm however is clearer at 1200 µS/cm.   

 

Figure 64. Change in instability percentage for different electrolytic-dielectrics 
at 600 and 1200 µS/cm conductivity . 

 

As shown in Figure 65, at 600 µS/cm, the high voltage intervals increase 

with depth. At 600 µS/cm the change is linear for the electrolytic-dielectrics, 

however DI increases significantly after 20 s. With an increase in conductivity 

the relationship can be seen more clearly. Both NaCl and Na2SO3 show a 

larger increase in high voltage intervals. From 20 to 25 seconds, they also 

show a slight decrease in high voltage intervals, while NaHCO3 remains linear 

as compared to 600 µS/cm. 
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Figure 65. Percentage of Instability regions for each electrolytic-dielectric, 
plotted against current machined depth at three time intervals. a) At 600 

µS/cm. b) At 1200 µS/cm. 
 

6.3.2 Electrolytic-Dielectric Gas Analysis 

Gas was collected for the holes machined in Chapter 5.2.1 using NaCl at 

increasing conductivities and the total volume was measured using the 

eudiometer tube. A gas volume generated per second was calculated using 
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the total machined time of the hole. From Figure 66, the rate of gas generation 

per second was shown to increase from around 215 ml/s to 260 ml/s, with a 

final volume from 13ml to 16ml between 1 and 1000µS/cm, possibly due to 

increased anodic dissolution. The trend was shown to level off towards 1000 

µS/cm. EDM MRR was shown to be minimally affected (and therefore likely 

EDM ratio) by the increase in conductivity, with the MRR beginning to trend 

downwards approaching 1000 µS/cm. The increase in gasses, especially 

around the EDM zone, is the likely explanation why the MRR was not 

considerably affected, where electrical discharges were maintained due to the 

decreased dielectric strength and discharges caused by debris accumulation 

at bubble interfaces, promoting sparks and secondary discharges. 

 

Figure 66. Change in MRR and generated gas volume with conductivity 
using NaCl additive. MRR and gas error bars represent ± SD from mean n = 

3. 
 

Gas was similarly collected for the holes machined in Chapter 6.3.1 using 

sodium sulfite, sodium bicarbonate, sodium chloride, and DI, as shown in 

Figure 67. Between electrolytic-dielectrics, gas generation was shown to 
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decrease with an increase in conductivity which was accompanied by a 

decrease in the EDM MRR, similar to the previous results with NaCl at varying 

conductivities. Gas generation was similar between DI and Na2SO3 at 600 

µS/cm, with a decrease at 1200 µS/cm. NaHCHO3 and NaCl have a similar 

gas generation rate, both significantly higher than DI or Na2SO3. In all cases 

the decrease in gas is accompanied by a decrease in the EDM MRR. 

 

Figure 67. Change in MRR and generated gas volume with conductivity 
using various electrolytic-dielectrics. MRR and gas error bars represent ± SD 

from mean n = 3. 
 

Figure 68 shows the results of the gas collection and detection of gas 

analysis via video analysis. This data was collected to observe any change of 

gases generated with different electrolytic-dielectrics. It can be seen that for 

most of the hole depth Na2SO3 generates less gas compared to DI, and also 

compared to the other electrolytic-dielectrics. NaHCO3 is shown to produce 

the most gas out of all holes at 600 µS/cm, with NaCl with a similar curve. This 

is followed by NaCl at 1200 µS/cm and then NaHCO3 at 1200 µS/cm. DI is 
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shown to have a near-linear (a slight increase with time) increase in gas 

generation throughout. For Na2SO3 at 600 µS/cm gas rate is linear until around 

25 - 30 seconds, and then increases. This is also seen at 1200 µS/cm however 

the change in gas rate is less pronounced. At 600 µS/cm NaHCO3 has a linear 

gas rate until 25 seconds, and then a slight increase is seen. At 1200 µS/cm 

gas rate behaves similarly with an increase in gas rate at 25 seconds. NaCl 

also shows an increase in gas rate from 27 seconds. However, in this case at 

1200 µS/cm the gas rate increase is smaller than that at 600 µS/cm. 

 

Figure 68. Gas volume showing changes in gas rate for all electrolytic-
dielectrics compared to DI, at 600 and 1200 µS/cm. Each curve is an 

average of curves at each time point (n=3). 
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To understand why the gas volume changes with time, the relation with 

depth, conductivity, and electrolytic-dielectrics was shown in Figure 69. Figure 

69 shows the relationship between the gas volume generated and hole depth 

at 600 µS/cm, while Figure 70 shows it at 1200 µS/cm. It was shown that for 

DI that there is a linear relationship between current hole depth and gas 

volume generated. For Na2SO3 the increase in gas volume trend is reflected 

in the change in hold depth. When the rate of depth advancement increases, 

the rate of gas generation also does, linking to the increase in electrical 

discharges. This is also shown at 1200 µS/cm in Figure 70 and similarly for 

the other electrolytic-dielectrics. The differences between electrolytes will be 

discussed in Section 6.4.1. 
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Figure 69. Comparison of change in gas volume with time and change in gas 
volume with hole depth at 600 µS/cm. 
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Figure 70. Comparison of change in gas volume with time and change in gas 
volume with hole depth at 1200 µS/cm. 
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Figure 71. Gas Chromatography results showing gas composition, left using 
TCD detector, and right using the FID detector. 

 

To further understand gases generated the bubbles were analysed using 

gas chromatography. H, O, N, CO2, and CH4 were found. Two currents were 

tested to see the effect on gases. From Figure 71 it can be seen that an 

increase in current alters the gas proportion. The change in proportion cannot 

be analysed as the current machine used was not capable of gas proportion 

analysis. Gas chromatography can be a good method to understand 

differences in chemical mechanisms between electrolytic-dielectrics, and 

EDM parameters, and should be explored further. 
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6.4 Discussion 

6.4.1 Understanding the EDM-ECM balance 

Through capturing waveforms, it was shown that distinct pulse types are 

present. The most important pulse type in this process is the high 

voltage/electrochemical pulse as this is the pulse that drives electrochemical 

dissolution of the EDM recast layer. This pulse type occurs in regions where a 

high voltage is observed. Though in DI this high voltage causes near-zero 

current to flow, when conductivity is increased, by addition of ions, a current 

can flow in both the on and off-time causing electrochemical machining. The 

current flow in the off-time can be explained due to the capacitance in the 

system. The capacitance is likely caused by the charging of the electric double 

layer. The electric double layer is formed when the charged anode attracts 

oppositely charged ions forming two layers, one of which is the compact 

oppositely charged layer and the other is the diffuse layer in which the 

concentration decreases further from the anode surface. In the on-time this 

capacitive layer is charged and subsequently discharged in the off-time [102]. 

Therefore, the regions of high voltage are crucial in controlling the dissolution 

process.  

These high voltage intervals normally occur when dielectric breakdown 

cannot occur due to a large IEG [157]. This may be at the instance when the 

electrode is advancing towards the workpiece to initiate voltage breakdown, 

when enough material is removed that the gap is too large, or when the 

electrode is retracted due to unfavourable gap conditions (as in leading to 

arcing or short circuits). High voltage intervals can also occur as discharge 



 

166 

delay regions, which occur at the start of delayed pulses. These delayed 

regions occur also due to too large IEGs, but can also be significantly affected 

by factors that can alter the local dielectric strength such as fluid dielectric 

constant, open voltage, gas volume, temperature, electrode workpiece 

geometry, and contaminants/debris.  

Through waveform analysis, it was observed that the majority of the 

electrochemical pulses were grouped together in packets, with a small number 

interspaced between electrical discharge or semi-arc pulses (< 1 %). 

Discharge delayed pulses, which have a portion of electrochemical machining 

at the start of the pulse, only accounted for 1 % to 2.5 % of pulses. Therefore, 

it can be assumed that the main driver of electrochemical removal are the 

pulses which occur in large packets. These regions can be inferred to correlate 

to the instances of electrode halt or retraction due to gap conditions (inability 

to cause breakdown). In this case, the pulse energy due to the high voltage 

causes electrochemical dissolution as opposed to an electrical discharge. 

Whether the energy causes ECM or EDM therefore depends on gap 

conditions and is the basis for the need to control pulse ratio.  

The EDM zone, as shown in Figure 50, is the zone where EDM discharges 

occur. Due to the smaller IEG and increased gas and debris in the region, this 

zone locally acts as a dielectric causing electrical breakdown. This explains 

why EDM discharges are identical between conductivities. However, in 

regions of high voltage no breakdown occurs thus the region acts as an 

electrolyte. The balance between EDM and ECM discharges therefore is 

heavily influenced by gap conditions, which are affected by EDM parameters 
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as well as dielectric and salt additives. By controlling the amount of EDM 

pulses the dissolution of the recast layer can also be controlled. 

The influence of gap conditions on the process was shown in Figure 64 and 

Figure 65. NaCl showed the most high voltage intervals, followed by Na2SO3, 

NaHCO3, and DI, with the difference being more clear at 1200 µS/cm. The 

increase in conductivity was shown to increase the high voltage intervals for 

all electrolytic-dielectrics, showing that the cause of the high voltage intervals 

and instability is electrochemical machining. This may be due to the increased 

anions, which cause a charge to be transferred and thus hinders electrical 

discharges. This can also be explained by the electrochemical charge causing 

the EDM gap to increase due to flowing current, therefore increasing 

machining voltage and also increasing likelihood of high voltage intervals due 

to the enlarged gap. If the current flow or charge being stored is too large it 

can also reduce electrode advance due to essentially tricking the EDM pulse 

controller into thinking that a discharge is happening due to detected current 

and voltage values. NaCl shows the largest high voltage interval percentage, 

which implies the electrochemical machining it causes has the largest effect 

on the gap. This is confirmed by the waveform pulse analysis which showed 

that pulse charge for NaCl was the largest, followed by Na2SO3, and NaHCO3. 

The increase in high voltage intervals and instability was also shown to 

increase with the depth of the hole, this can generally be explained by the 

increase in debris and bubbles, which causing debris bridges, arcing, and 

promotes unstable sparking resulting in electrode retraction. This is also 

explored in the pulse type analysis and shows that the EDM semi-arc 

discharge type was counted as 26,000 at 3 seconds, 27,000 at 20 seconds, 
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and 28,000 at 35 seconds. However, the EDM arc pulses did not increase for 

the electrolytic-dielectrics, conversely they were shown to decrease with time, 

which suggest that the higher instability for the electrolytic-dielectrics is caused 

by electrochemical factors (enlargement of the gap due to electrochemical 

current flow). For example, at 1200 µS/cm the EDM semi-arc pulse counts 

were, ~21000, 10000, 12000 for Na2SO3, at 3, 20, and 35 seconds. NaHCO3 

showed 28,000, 16,000, 17,000, and NaCl showed 26,000, 11,000, and 

14,000. NaHCO3 showed the most semi-arc discharges compared to the other 

electrolytic-dielectrics, explained by the reduced electrochemical machining. 

Figure 65 then shows that, although at 600 µS/cm the electrolytic dielectrics 

all increase in high voltage intervals linearly with depth, at 1200 µS/cm only 

NaHCO3 remains a linear increase while NaCl and Na2SO3 increase sharply 

then decrease. For NaHCO3 the increase in conductivity shifted the curve up 

slightly, with no change in trend implying that the increase in anions for charge 

transfer slightly increases the high voltage intervals. NaHCO3 has likely a small 

change with conductivity (and depth) due to the limited electrochemical 

removal as compared to the other salts. For the other electrolytic-dielectrics 

the change is larger, and shows a sharp increase which tapers off. In this case, 

electrochemical machining is more pronounced due to the removal 

mechanisms as discussed previously, resulting in a large increase in these 

zones. With depth the average electrochemical pulse charge increased from 

6.56 x 10-5 C to 9.56 x 10-5 C, possibly due to the increased ions, area, stored 

charge, or conductivity, which subsequently results in the increase in high 

voltage intervals. As both NaCl and NA2SO3 have increased electrochemical 
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machining compared to NaHCO3, this increase in charge has a larger effect 

on high voltage intervals.  

Each salt additive is likely to also cause different gap conditions in both the 

ECM and EDM zones, such as different volumes of gas, altered surfaces 

which can affect discharges, and different types of debris (ECM oxide spalling 

and size of debris or sludge due to dissolution), which would then result in 

different amounts of high voltage intervals.  

The effect of these high voltage intervals can be seen in the waveform pulse 

analysis which categorises each individual pulse into types. NaCl has the most 

ECM pulses, with NaHCO3 has the least. The EDM pulse ratio also decreases 

with time and depth, resulting in increased electrochemical pulses and 

decreased electrical discharges, linking an increase in high voltage intervals 

with increased electrochemical pulses. The pulse ratio results are reflected in 

the high voltage intervals trends, showing that both are directly linked. The 

increase in high voltage intervals thus results in more ECM pulse types and a 

reduction in EDM pulses. Therefore, the percentage of high voltage intervals 

is a more efficient way to measure and control the balance between the EDM 

and ECM sides of the process. The results also confirmed that the 

electrochemical pulses scattered throughout machining can be essentially 

ignored, in favour of the electrochemical pulses in the instability regions of high 

voltage. Thus, this is a better measure for EDM ECM balance and a method 

to control anodic dissolution of the recast layer. 

 

The EDM MRR should be proportional to the amount of EDM discharges. 

This should result in the order of MRR from highest to lowest being NaHCO3, 
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Na2SO3, and NaCl, due to changes in pulse ratio. However, NaCl has similar 

MRR to NaHCO3, and significantly higher than Na2SO3 at a similar pulse ratio.  

One way we can understand this is through gas analysis. In Figure 67 it is 

shown that for all additives gas generation decreases when conductivity is 

increased, while the MRR also decreases. This may be due to the decrease 

in EDM discharges, which generate more gas than anodic dissolution, while 

also driving the bulk material removal. To confirm whether EDM discharges 

are the main driver of gas volume increase, Figure 69 and Figure 70 were 

plotted using the change in gas volume data obtained from the video recording 

of the gas eudiometer tube and the change in hole depth, which was produced 

from the change in machining depth and the wear. It was shown that the 

change in hole depth is reflected in the change in gas volume with time. At the 

instance that hole advance increases, the gas generation increases, thus 

confirming the differences in gas generation in different electrolytic-dielectrics 

related to the amount of EDM pulses (compared to ECM pulses). For DI, gas 

accumulation is linear however for the other additives gas generation 

increases with time (and depth) and is more pronounced for lower 

conductivities. This can be explained by the increase in EDM pulses with time, 

shown as the increase in gradient from 20 to 35 seconds in Figure 62. An 

increase in gas generation can also result in changes in the conductivity and 

current density for electrochemical removal. This can reduce anodic 

dissolution; however, it is not possible to directly relate this to results because 

an increase in gas generation is also followed by an increase in electrical 

discharges and reduction in electrochemical pulses. Therefore, if there is a 

reduction it will be obfuscated, however a decrease is expected [158-160].  
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NaCl was shown to have larger gas generation than the other electrolytic-

dielectrics. This should imply that NaCl has more EDM pulses, however this 

was not the case. Therefore, a significant proportion of this extra gas 

generated must be from electrochemical machining. The larger spark gap also 

results in larger gas bubble diameters, likely due to increased energy used in 

bubble generation instead of metal removal, which was also shown to increase 

impulse force [45] and vapour jet force [36]. The combination of increased 

bubbles, increased heat released, and increased molten material removal may 

have increased the MRR using NaCl. 

Na2SO3 produces the lowest gas volume, while NaCl and NaHCO3 produce 

significantly more. Considering the small difference in EDM pulse ratio in 

comparison to the larger difference in volume generated for Na2SO3, 

compared to the other additives, it can be assumed that more of the energy is 

going into material removal rather than formation of an oxide layer and 

generation of gases. SO3
2-

 is also an oxygen scavenger which removes 

dissolved oxygen from the solution by oxidizing to SO4
2-

 [144]. A decrease in 

oxygen content would also decrease the acidification of the zone thus reducing 

the rate of anodic dissolution. 

To summarise the relationships, comparing Figure 70 (change in gas with 

time and depth) to Figure 62 (change in EDM pulse ratio), it can be seen that 

the increase in hole depth rate (MRR) and resulting gas generation after 20 

seconds is linked to the sharp increase in EDM pulse ratio for Na2SO3 and 

NaCl. NaHCO3 is mostly linear in gas and depth rate, which is reflected in the 

pulse ratio plot showing no deviation from the trend. This can then be linked 

back to Figure 65 where the high voltage intervals level off for Na2SO3 and 
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NaCl, while they do not for DI and NaHCO3, which is the cause of the 

increased pulse ratio. The increased high voltage intervals (compared to DI) 

are initially caused by a combination of the charge and current due to 

electrochemical machining (inhibiting sparking) which differ in different 

electrolytic-dielectrics. The differences in gases, charge, current density, 

surface types, and ECM removed material then interact with each other in the 

IEG and can affect the high voltage intervals. 

In general, due to the points mentioned above when a pulse begins the 

energy can either be used in formation of an electrical discharge or in the 

anodic dissolution of the workpiece. This depends on gap conditions, mainly 

the size of the gap and likelihood of electrical discharges. If the conductivity is 

too high, or if an aggressive (non-passivating) salt like NaCl is used, there will 

be too much current and charge due to anodic dissolution (which also occurs 

in the off-time) thereby shifting the likelihood towards electrochemical 

machining. 

6.4.4 Zero-recast point prediction 

In order to model the process it was assumed that the direct interactions 

between electrical discharges and electrochemical machining were negligible 

i.e. electrical discharges are solely used to advance hole depth and create the 

EDM overcut, while electrochemical discharges are solely used to remove 

material from the recast layer (normal to the direction of hole advance). The 

EDM material removal can be modelled by using the MRR from machining 

with DI, while the electrochemical material removal can be modelled by 

Faradays Law in Equation (5).   
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m is the mass removed by electrochemical removal, F is Faradays number, 

M is molar mass, v is ion valency, I is current, and t0 and tf are the time limits 

over which the current time integral is taken. The equation can be simplified 

further where Z is the electrochemical equivalent of the material shown in 

Table 4, and Q is the charge passed.  

The recast layer/workpiece depth removed can then be calculated by 

Equation (6) which converts the mass to a volume removed from the sidewalls, 

and then to a recast depth removed. Y is the recast depth removed, h is the 

depth over which the volume is removed, ρ is the density of the metal, and D1 

is the total diameter of the electrode and EDM overcut.  
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Figure 72 shows that after one time step, two volumes of material are 

removed. The EDM removed material depends on the MRR and is the area 

through which the electrode and spark gap/overcut removes material through 

the workpiece, in one time step. At the same time the electrochemically 

removed material, calculated by Equation (1), is removed from the recast 

layer. The amount of electrochemically removed material is calculated using 

the current-time values obtained previously in which pulse analysis was used 

to obtain average charge and pulses per second data, for electrochemical 
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pulses observed in the process. After each step the area increases, however 

the ECM removed material per pulse remains the same resulting in the 

removal over a larger area. This concentrates the removal in areas which are 

machined for more time. 

 

Figure 72. Process model explanation. Showing 4 time steps and resulting 
material removal. 

 

While Equation (1) calculates the material removed due to electrochemical 

machining, it does not account for the energy not used to remove material, 

such as in the generation of gas, oxides, and heat loss [161]. To account for 

this a current efficiency is needed to correct the calculated mass removed, 

which was calculated by drilling a hole with DI producing an EDM recast layer, 

then machining this with pure electrochemical machining with the same 

process conditions and equipment used in this paper.  

The current efficiency was estimated as 15.2 % using sulfite, and Figure 73 

shows the results of the model. Figure 73a shows the change in charge per 

area as the hole advances. The area increases as depth advances which 
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reduces the amount of charge on an individual area, resulting in the expected 

hole geometry. Figure 73b shows the amount of recast depth removed and 

essentially shows the resulting hole profile. The current efficiency has a large 

influence on the resulting profile; however, it is a more accurate representation 

of real machining.  

 

Figure 73. Results of model. a) Change in Charge per Area and mass loss 
with time, at 1200 µS/cm. b) Amount of recast depth removed with depth, 

showing the zero recast point, fixed EDM zone, and affect of current 
efficiency on the model. 

 

One factor not considered in the model was the influence of gap distance 

on gap resistance and the influence on electrochemical machining. Although 

from Figure 73b it shows considerably more material is removed between 0 
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and 0.5 mm compared to 0.5 mm to the end, in a real example this difference 

is less pronounced due to reduced material removal at areas of increased gap 

distance. This relationship can be described by Equation (7) in which an 

increase in gap distance increases resistance along the path, where R is the 

resistance, V is the voltage, I is the current, y is the gap, A is the area, and k 

is the conductivity. This resistance ultimately reduces electrochemical material 

removal at areas of high resistance. Although the total material removed will 

be the same, the distribution will differ. The end result of this will be that the 

predicted zero-recast point will be further down the hole.    

  

  𝑅 =  
𝑉

𝐼
=

𝑦

𝐴𝑘
  (7) 

 

Figure 73b also shows a fixed EDM discharge zone. This zone is entirely 

influenced by the electrode corner wear. Although in this model no electrode 

wear was assumed, in reality corner wear will occur. This will result in a fixed 

EDM zone that is equal to the sum of the corner radius and spark gap, as this 

region is the area that, in addition to the frontal area, advances towards the 

workpiece material to initiate electrical discharges. 

Figure 74 shows the results of the model for Na2SO3 at the two conductivity 

levels. With an increase in conductivity the material removed increases, while 

the zero recast point also shifts further down the hole resulting in a larger zero 

recast surface. The final hole depth was achieved using to the MRR data. 
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Figure 74. Modelled recast layer profile. Shows resulting model hole profile 
for the sodium sulfite based on pulse data captured at the calculated current 
efficiency. A zero-recast point is shown for each profile at two conductivity 

levels and the total removed volume is shown. 
 

The actual zero recast point was measured as a range, from the optical and 

SEM surface images, and confirmed with recast layer cross sections. An 

example of the difference in zero recast layer zones is shown in Figure 75, 

and the values shown in Table 6. The discrepancy between the actual and 

modelled values can be attributed to the influence of resistance in the gap. 

Although the total volume is likely to be similar, the spread of the removed 

recast layer will be different, essentially spreading material removal across the 

surface and not compounding near the entrance. This pushes the zero recast 

point further down the hole and is likely to match the real surfaces better. 

Adding resistance to the model is difficult due to the gap being full of debris 

and gases, therefore it is hard to model, however this should be considered 

for further development of this process model in future.   
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Figure 75. Example differences in zero recast zones for three dielectrics. The 
zero-recast transition area is highlighted in red, and is the area where zero 
recast occurs. NaHCO3 shows no zero recast area due to surface oxides. 

 

In Figure 75 NaHCO3 exhibits a surface which never reaches zero recast due 

to oxide formation due to ECM. The material removed in the model does not 

include oxide generation, as in reality the material is mostly oxidised and 

remains on the surface with some spalling... The difference in current 

efficiency for different electrolytic-dielectrics can be used as a way to 

encapsulate the various influences on the ECM side of the process as an 

easily applied corrective factor. Although gap conditions won’t be the same 

due to hole advance and EDM gases and debris, it is a good method to 

characterise different electrolytic-dielectrics for use in selection and should be 

considered for future work. 

Table 6 - Zero recast point ranges for machined holes compared to the 
model. Ranges calculated from 3 holes. 

 Zero recast point (mm) 

Dielectric Model Experiment 

Na2SO3 600 µS/cm 1.38 0.65 – 0.93 

Na2SO3 1200 µS/cm 1.58 0.82 – 1.40 
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6.5 Conclusion 

Discrete pulse types were described through pulse waveform analysis of 

the process. The process was split into four pulse types: electrical, semi-arc, 

delayed, and electrochemical. It was shown that regions of high-voltage, when 

using DI, would result in regions of electrochemical machining when 

conductivity was increased. These pulse types were considered a major 

aspect of the process. 

It was shown that the balance between electrical and electrochemical 

discharges was crucial to process understanding and was directly affected by 

the high voltage intervals which occur when electrode advance has halted or 

is retracting due to gap conditions, thus pulse energy causes dissolution. The 

high voltage intervals and pulse ratio are both good measures of the balance 

between the EDM and ECM side, with high voltage intervals being easier to 

measure and control. The electrochemical difference between electrolytic-

dielectrics was shown through the EDM:ECM pulse ratio, showing that NaCl, 

which is the most aggressive non-passivating salt, has the most ECM pulses, 

while NaHCO3 which is the least aggressive has the most EDM pulses. 

Differences in electrolytic-dielectrics were explained due to dissolution 

mechanisms and pulse charge, which increase the high voltage intervals and 

ECM pulses. Similarly, an increase in conductivity and depth increases ECM 

pulses and charge, similarly hindering EDM pulses, while also increasing the 

high voltage intervals due to increased anions carrying charge. With time and 

depth the pulse ratio decreases while the high voltage intervals increase, due 

to the mechanisms discussed above. 
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This was linked to gas-time analysis which showed that an increase in 

current hole depth is reflected as an increase in gas produced, which was 

linked to the increased EDM pulses, MRR, and decreased instability regions 

(high voltage intervals) which also increase with depth. It can be inferred that 

increased bubbles and debris result in EDM sparking, which reduces the high 

voltage instability intervals, while increased electrochemical machining causes 

high voltage instability intervals. Na2SO3 showed decreased gas production 

relative to the MRR and pulse ratios, which was explained by the different 

electrochemical behaviour (oxygen scavenger), while NaCl showed a high 

MRR and increased gas production even though it had a lower EDM pulse 

ratio, which was explained by increased bubbles, increased heat released, 

which promote electrical discharges, and increased molten material removal. 

A mathematical model was used to illustrate the overall process balance 

through fundamental electrochemical theory and process pulse data. Through 

this model, the point during machining at which complete recast layer removal 

occurs is predicted and validated through experimental analysis. It showed 

that NaCl will have the largest recast free area (lower zero recast point) while 

NaHCO3 will have the smallest recast free area, explained due to the process 

pulse data.  

By altering the electrolytic-dielectric through the choice of salt additives and 

therefore conductivity, the resulting hole profile, accuracy, and zero recast 

point can be controlled, as well as the resulting surface integrity. Similarly, by 

altering the pulse charge and frequency for ECM and EDM pulses throughout 

machining of the hole the recast layer can also be fine-tuned. This ‘pivot-point’ 

mechanism between EDM and ECM and the resulting zero-recast point is 
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crucial to producing a tailored surface and should be explored further through 

altering of EDM parameters. Process optimisation can then be used to achieve 

desired hole surface morphology and accuracy, through the understanding 

gained through this work. This process adaptation and its fundamental 

understanding have significant implications for implementing electrolytic-

dielectrics in current EDM setups in high value applications, where varying 

hole depths as well as predictable and good mechanical properties are 

required. 

7 Conclusions and Outlook 

7.1 General Conclusions 

EDM hole drilling is a high-value manufacturing process crucial in many 

industries, especially in aerospace, and enables repeatable, high-quality, and 

cost-effective manufacture of cooling holes for turbine blades. The recast layer 

is something that the industry has had to accept as a side effect of the process, 

resulting in large and costly initiatives to minimise the effect of the recast layer 

on part integrity, and even then, a recast layer remains limiting potential part 

integrity. This work has first proposed a route to minimise the influence of the 

recast layer, in terms of oxides, by parametric and fundamental analysis. 

Oxides have not been extensively explored; therefore this works helps to 

enable the control of oxides in the recast layer. Secondly this work has 

proposed a route to a zero-recast single-step process to enable the 

manufacturing of defect free EDM surfaces by formation of a hybrid EDM-ECM 

method utilising electrolytic-dielectrics. The proposed hybrid EDM ECM 

method utilising electrolytic-dielectrics can be a valuable process in high value 
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manufacturing due to its low cost and ease of machine adaption and 

implementation, combining the accuracy of EDM with the surface integrity of 

ECM. The work has wider implications in that it can be used for any EDM 

process, therefore enabling die-sinking of moulds or W-EDM cutting to 

produce parts with surfaces free of defects.  

The process understanding and theory proposed in this study open up a 

route to zero recast machining through control of process fundamentals and 

key process parameters, which has not been explored previously. The notion 

of control of resulting surfaces through tailored electrolytic-dielectrics was 

shown and is key to future control of the surface, as well as the idea that the 

balance of EDM and ECM, which is elucidated through the EDM:ECM pulse 

ratio, is critical to producing a tailored and desired surface. Further control of 

the process is envisioned through control of EDM parameters to fine tune 

pulse energies and characteristics, as well direct control of the pulse ratio 

 

In Chapter 4, a route to reduced oxides in the recast layer was conducted. 

Through parametric analysis, current, on-time and discharge power were 

shown to increase oxides, while off-time and pressure decrease oxides. A 

change in current increases oxides due to increased gas production, molten 

metal, metal vapour, and gap temperature, similarly with on-time in addition to 

molten metal exposure time. However longer on-times produced more oxides 

at similar power levels, due to increase exposure time and decrease in 

discharge impulse force of longer on-times, which reduces material ejection, 

increases exposure to oxygen, and increases gap temperatures. Higher 

currents however increase metal ejection and removal of oxides, resulting in 
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marginal increases in oxides at similar power levels. An increase in off-time 

and flushing pressure results in decreased oxides due to decrease gases, and 

was linked to decreased gap temperatures, improved cooling, and reduced 

debris.  

In summary, discharge impulse forces must be high to ensure molten metal 

ejection, prevent increased concentration around edges, and longer exposure 

times to gases and energy. To achieve a hole with a low amount of oxides, a 

small on-time and lower discharge energy is needed, as well as increased 

flushing and off-time. This results in a parameter with high discharge impulse 

and high gap flushing and cooling. This would result in a hole with decreased 

oxides as well as surface roughness, decreased recast layer depth and an 

expected increase in surface integrity while also decreasing the electrode 

wear. However, the machine time would also increase which may be 

unwanted. A balance is therefore required depending on the usage case using 

the fundamental understanding of oxide formation as a basis.  

 

In Chapter 5, a route to a zero-recast EDM surface was conducted. 

Through combination of EDM and ECM in a simultaneous process a surface 

which exhibits zero recast can be produced and controlled through altering 

dissolution mechanisms. In the process electrochemical machining is acting 

throughout the hole surface, however EDM discharges only occur on the 

frontal area due to side gap widening. This side gap increase is enhanced by 

an increase in electrochemical removal and depth. The side areas thus act as 

an electrolyte, while the frontal area acts a dielectric. 
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Increasing conductivity was shown to increase removal of the recast layer 

with NaCl, as well as exposure time shown through an increase with depth. 

NaCl produced a pitted surface, therefore the aim was to control 

electrochemical dissolution mechanisms to control the resulting surface. 

NaHCO3 was shown to result in a surface with passive oxides with limited 

recast layer removal. NaNO3 and NaNO2 produced surfaces with removed 

recast layers, however with regions of excessive electrochemical pitting and 

removal. Finally, Na2SO4 and Na2SO3 produced smooth surfaces with 

removed recast, with Na2SO3 removing the recast through controlled electro-

polishing. The change of surface morphology with depth was also least with 

Na2SO3 and largest with NaNO3, showing the difference in surface 

controllability between electrolytic-dielectrics. Control of the recast layer was 

thus shown, and a desired zero-recast surface was produced. 

 

In Chapter 6, the process mechanisms were further explored by waveform 

and gas analysis. The process was split into four pulse types: electrical, semi-

arc, delayed, and electrochemical. It was shown that regions of high-voltage, 

when using DI, would result in regions of ECM machining when conductivity 

was increased. The balance between electrical and ECM discharges was 

crucial to process understanding and was directly affected by the high voltage 

intervals which occur when electrode advance has halted or is retracting due 

to gap conditions. The electrochemical difference between electrolytic-

dielectrics was shown through the EDM:ECM pulse ratio, showing that NaCl, 

which is the most aggressive non-passivating salt, has the most ECM pulses, 

while NaHCO3 which is the least aggressive has the most EDM pulses. 
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Differences in electrolytic-dielectrics were explained due to dissolution 

mechanisms and pulse charge, which increase the high voltage intervals and 

ECM pulses. Similarly, an increase in conductivity and depth increases ECM 

pulses and charge, similarly hindering EDM pulses. This was linked to gas-

time analysis showing that an increase in current hole depth is reflected as an 

increase in gas, linked to the increased EDM pulses, MRR, and high voltage 

intervals, which also increase with depth. Increased bubbles and debris result 

in EDM sparking, which reduces the high voltage instability intervals, while 

increased ECM causes high voltage instability intervals. Na2SO3 showed 

decreased gas production relative to the MRR and pulse ratios, which was 

explained by the different electrochemical behaviour (oxygen scavenger), 

while NaCl showed a high MRR and increased gas production even though it 

had a lower EDM pulse ratio, which was explained by electrochemical gas 

production. 

A mathematical model was used to illustrate the overall process balance 

through fundamental electrochemical theory and process pulse data. Through 

this model, the point during machining at which complete recast layer removal 

occurs is predicted and validated through experimental analysis. It showed 

that NaCl will have the largest recast free area (lower zero recast point) while 

NaHCO3 will have the smallest recast free area, explained due to the process 

pulse data.  

By altering the electrolytic-dielectric through the choice of salt additives and 

therefore conductivity, the resulting hole profile, zero recast point, and 

expected surface integrity can be controlled. Similarly, by altering the pulse 

charge and frequency for ECM and EDM pulses throughout machining of the 
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hole the recast layer can also be fine-tuned. This ‘pivot-point’ mechanism 

between EDM and ECM and the resulting zero-recast point is crucial to 

producing a tailored surface. 

7.2 Outlook 

From the current work there are still some gaps which require further work 

to understand this unique process: 

Although the surface integrity is expected to increase due to reduction of 

recast layer features such as cracks and brittle surfaces, the difference in 

surface integrity was not compared experimentally. The effect on different 

types of fatigue failure (thermal and mechanical) is a good way to numerically 

compare surfaces. Other tests such as micro pillar compression are also a 

good way to compare the EDM recast layer surface and the surface produced 

by electrolytic-dielectrics. 

EDM parameters were not changed for the electrolytic-dielectrics in this 

work, however it is expected that parameters will have a large impact on the 

process. From research in the oxidation chapter, we can apply the logic used 

to control oxides to control the amount of electrochemical machining. 

Parameters which cause high oxides are parameters which cause increased 

electrochemical machining, and conversely low oxide parameters will cause 

decreased electrochemical machining. A higher on-time is likely to increase 

electrochemical machining, while a short on-time may hinder it. Using this, and 

the effect of the other parameters, it may be possible to further control the 

process to produce desired surfaces dynamically throughout machining in 

conjunction with high voltage intervals and gas data. 
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Electrolytic-dielectrics produced surfaces are heavily dependant on the 

ratio of EDM and ECM pulses. Although in this work the removal mechanisms 

were only altered chemically by conductivity and salt additives, another way to 

shift the pivot point of the process is addition of additives to promote EDM 

sparking. Micro or nano-conductive particles can be added to the electrolytic-

dielectrics to force hole advance via EDM discharges even when 

electrochemical aspects try to hinder discharges. This can possibly enable 

higher chemical dissolution rates without affected EDM and can increase EDM 

MRR and even improve the resultant surface. 

The process is expected to behave significantly differently when the 

workpiece is altered. The route laid out in this work can still be used with any 

workpiece and electrode, however dissolution mechanisms will differ and must 

be explored further. The effect of electrode size was shown to have a small 

effect for oxides, however for electrolytic-dielectrics where the pulse ratio is 

important a significant difference may be observed. Small holes are machined 

significantly faster; therefore a high EDM pulse ratio may result in minimal 

electrochemical dissolution due to time for electrochemical removal. In this 

case the pulse ratio must be shifted towards electrochemical pulses to ensure 

sufficient recast layer removal. Therefore, the effect of the electrode and 

workpiece must be explored further. 

Gas analysis can be used to link directly to chemical mechanisms by 

analysis of the gas proportions and constituents. By understanding the effect 

of parameters and dielectrics on the resultant gas, chemical dissolution 

mechanisms can be further quantified. For the oxides, the proportion of O can 

be directly measured and compared for different EDM parameters, while for 
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electrolytic-dielectrics the proportions and constituents can be linked to altered 

chemical dissolution mechanisms. The effect of EDM parameters on gases 

can also reveal the influence of current, on-time, and off-time on the chemical 

mechanisms in a fundamental way. To view the change in gas more directly, 

an improved gas collection method must be used. The entry path to the 

eudiometer tube should reduce any gas coalescence and lag, due to path 

geometry. This can be used to allow a more time correct and high-resolution 

viewing of the change in gas rate and EDM ratio. 

To enable better understanding of the process, improvements can be made 

to the process model. Current efficiency for each electrolytic-dielectric can 

enable better comparison, while the addition of gap resistance can result in a 

more realistic recast remove distribution. Waveform capture can also be 

improved with equipment that can enable a larger capture region or preferably 

capture pulses for the entire machining duration. This can enable better 

understanding of changes with depth and can improve process modelling by 

varying pulses and charge values with time. 

The process can also be adapted for through holes, as well as EDM die-

sinking and W-EDM to produce recast free surfaces. Through holes can 

produce recast free surfaces throughout the entire hole surface because once 

the electrode passes through the hole, electrical discharge cease resulting in 

just electrochemical removal. For die-sinking high-pressure dielectric is 

essential, therefore research must be focused on methods for introducing 

electrolytic-dielectric to the machining surface. This has the potential to create 

large areas of recast free surfaces, which is highly desired in many industries. 

For W-EDM, high pressure flushing is used therefore application is easier. 
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