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ABSTRACT 

Electric discharge machining (EDM) is a material erosion process using thermal 

energy generated by discrete electric sparks between electrode and workpiece in a dielectric 

medium. After each electric discharge a small portion of molten pool is removed only by 

retaining residue to be resolidified on the surface in the form of layer. This resolidified 

layer have different microstructure and metallurgical properties than parent material. These 

changes in the surface integrity after EDM depends on many factors such as electrical 

process parameters, type of dielectric, electrode and workpiece material etc. Discharge 

current is one of the important electrical process parameter to control the thermal energy 

during machining process. 

The effect of electric discharge machining (EDM) on the surface integrity and 

fatigue strength of an aluminum alloy 2024 T6 is evaluated. Five discharge current 

levels i.e 3, 4.5, 6, 9 and 12 amperes are investigated while other electric and non-

electric parameters are kept constant. A special purpose fixture is designed to rotate the 

workpiece for producing a peripheral notch in the center of dog-bone shaped specimen. 

Copper tool electrode and kerosene oil as dielectric liquid are used for machining. 

Fatigue tests are performed on the four point rotating bending machine with the 

frequency of 50 Hz at room temperature. The fatigue strength is determined at seven 

stress levels in the range 0.2-0.55 of yield strength. SN curves are plotted for each 

discharge current level. For reference purpose, one SN curve is also obtained for 

conventionally machined specimens. It is found that EDM at all discharge current levels 

gives inferior fatigue strength as compared to conventional machining. The comparison 

of the fatigue strengths for different discharge current levels reveals that the high 

discharge current level causes lower fatigue strength but this response is clearly 

pronounced for the lower stress levels where fatigue life lies in the HCF region. Fatigue 

limits for the run-out criterion of 1x107 are determined for the electric discharge 
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machined (EDMed) specimens as well as conventionally turned specimen. The fatigue 

limit of the EDMed specimen was found to decrease with increasing discharge current 

level. Fatigue limit for 12 ampere is 10% lower than that of 3 ampere and 50% lower 

than the conventionally machined specimens. 

 Surface layer is formed due to re-solidification of the molten material known 

as white layer, which has different characteristics as compared to the base material. The 

influence of discharge current on the surface integrity is evaluated in terms of 

microstructure (surface morphology, white layer thickness and chemical composition), 

surface roughness, micro hardness and residual stresses. The consequent effect of the 

change in the surface integrity at different discharge current levels is related with the 

fatigue strength.  

 

 

Keywords: 

Electric Discharge Machining (EDM), Fatigue life, Fatigue strength, Aluminum alloy, 

White layer, Discharge current, Surface integrity. 
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Chapter 1 : Introduction 

In this introductory chapter history of Electric Discharge Machine (EDM), its 

working principle, types, electric and non-electric parameters, material removal 

mechanism are described. The flow chart of the experimental work is presented. The 

objective of the study and lay out of the thesis are also discussed. 

1.1 HISTORY OF EDM 

In 1770, Joseph Priestly found that surface material of the electrically 

conductive metals can be removed by electric sparks. In 1943, two Russian scientists 

B. R. Lazarenko and N. I. Lazarenko analyzed and controlled the destructive properties 

by using resistance-capacitance power supply. In 1950s, this system was used as a 

model and later developments were carried out on its basis. At the same time three 

American employees claimed the use of electric discharge for the removal of broken 

drills and taps from hydraulic valves. Their investigation also became the pioneer in the 

field of servo system that automatically adjusts the gap between tool and workpiece. It 

was only in 1980, with the introduction of Computerized Numerical Control (CNC) in 

EDM, remarkable developments occurred in improving the machining operation 

efficiency. [1] 

These growing benefits of EDM made it interesting for the manufacturing 

industries in 1948-1950. D.F Draw has presented the progress of EDM in six steps. In 

the first step 1945-1960, arc behavior and electric break-down were analyzed in gases 

as medium. Second step is comprised of 15 years from 1960-1975, during this period 

single discharge modeling, physical mathematical modeling and electric discharge 

analysis were introduced. In the third step from 1975-1985, multi-discharge analysis, 

adoptive control optimization and constrains were investigated and applied the EDM 

system. In the fourth step 1985-1990, major development in the EDM process took 

place. These development were related to the real time analysis, control and expert 
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system, and pulse recognition for wire-EDM. Fuzzy logic and neural network controls 

were investigated in fifth steps from 1990-1995.  The six step consists of 1995 to date, 

in which micro EDM, EDM of new conductive materials and advances in liquid 

dielectrics have been investigated.   

1.2 WORKING PRINCIPLE 

EDM can be described as a process for eroding and material removing by 

transient behavior of electric sparks between electrode and conductive workpiece 

material immersed in the dielectric liquid. The servo system maintains a small gap 

between the electrode and workpiece material. It is believed that main mode of material 

erosion is caused by the thermal effect of discharge energy. When power is supplied an 

electrostatic field develops and this field is strongest at the closest positions of the 

electrode and workpiece but it also depends on presence of conductive particles 

between these electrodes. The ions and molecules polarize and start moving toward 

opposite charged electrode until the electrostatic field crosses the limit of dielectric 

strength. A low resistance discharge channel is formed due to the collision of positive 

and negatively charged particles on electrodes. After breakdown occur, the voltage 

drops and current maintains. Due to collision of charge particles on the surface of 

electrodes the temperature rises and material melts even evaporates.  Plasma channel 

expands during discharge and pressure of the surrounding dielectric liquid also rises. 

At the end of discharge current stops and molten material implodes with high pressure 

dissolving in the dielectric liquid in the form of tiny debris. Hemispherical cavities are 

formed at the surface known as crater. The size of the crater depend on the discharge 

energy. 
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Figure 1-1: Principle of EDM process [2].   

1.2.1 Spark Generator 

Thermal energy is produced by electrical discharge in the form of pulses. The 

change of the pulse shape during EDM machining effects the amount of average spark 

energy that is transmitted to the surface. Today’s EDM machines have RC circuit, that are 

simple and of low cost. In RC circuit, capacitor is charged with the help of resister by a 

power supply and this charging goes on until break down voltage is achieved between tool 

and workpiece. The gap between work piece and tool is filled by dielectric liquid. Electric 

discharge is produced that initiates flow of current between these electrodes. The rotary 

impulse generator circuit is only a motor-generator unit that gives more voltage, extra to 

110 V.  The controllers are used to monitor the gap between electrodes, give feedback to 

the pulse generators and the servo system for maintaining efficient machining process. 
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1.2.2 Servo System 

During machining, the surfaces of the workpiece and electrode erode and inter-

electrode gap varies. In order to continue the machining process, there are two option; one 

option is to increase the gap voltage between electrode and workpiece and the other option 

is to decrease the gap. Where second option is feasible as, by increasing the inter-electrode 

voltage can cause the surface damage and also supply of some higher levels of the voltage 

may not be possible for generator. The automatic adjustment of the gap is attained by a 

servo system. The servo mechanism is operated by hydraulic, electric motor or by solenoid 

system [3]. 

1.2.3 Dielectric Circuit 

The liquid is used for the flushing of the debris. These debris are hollow spherical 

particles that were vaporized by the electric discharge and then cooled by the dielectric 

liquid. Presence of these debris can cause arcing which is undesirable for proper machining 

and surface finish. Therefore, for filtration purpose, pumps and filters are provided in EDM 

that keep the concentration of the debris and impurities within their acceptable range. 

Dielectric liquid also causes narrow channel of electric discharge that can improve the 

machining rate. It also controls the time span for which charges are stored so that the 

potential difference reach a the natural ionization limit of the dielectric liquid 

1.2.4 Mechanical Structure 

EDM have same structure as conventional milling and drilling machines with 

vertical electrode and horizontal workpiece. It was understood that electrode have no 

mechanical contact with workpiece, hence there is no side load. But mostly this 

statement is not justified as high pressure shock waves are produced after the discharge 

takes place. Therefore, the structure of EDM should be strong enough that can 

withstand high loads like other conventional machines.  
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1.3 EDM TYPES 

There are many types of EDM but out of them only two types are discussed 

here. 

1.3.1 Sinking EDM 

The electrode of the complementary shape of the finished workpiece is used. 

Generally copper or graphite materials are used for electrode. This electrode is installed 

in vertical head that is controlled by the servo system. The workpiece is submerged in 

a dielectric liquid during machining [4]. 

1.3.2 Wire EDM 

A wire is used as electrode that moves continuously with high speed to avoid 

rupture. Distilled water is used for cooling and debris removal. Exotic and intricate 

profiles are easily formed by this machining. Thin wire of the diameter 0.1-0.3mm is 

used and workpiece is installed on the CNC controlled table that can move in XY-axis 

[4] 

1.4 EDM PARAMETERS 

EDM parameters are divided into electrical and non-electrical parameters 

1.4.1 Electrical Parameters  

The parameters used for the pulse settings are called electrical parameter, which 

are defined as below, 

1.4.1.1 Peak Current 

It is one of the most important parameter, its value is small at the start of pulse 

on-time and reaches the pre-set value.  High current give higher MRR, TWR and high 

surface roughness [5]. 
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1.4.1.2 Discharge Voltage 

The open gap voltage increases until ionization of the dielectric liquid takes 

place. After ionization current starts flowing and voltage level decreases. The spark gap 

is adjusted automatically in accordance to the preset voltage. The electrode gap is 

directly related to the open circuit voltage. There is high electrode gap for high voltage 

that causes stable sparking but MRR, TWR and surface roughness are also increased.  

 

1.4.1.3 Pulse On-time 

Pulse on-time is the time for which current is allowed to flow in each cycle. The 

energy flux is directly related to pulse On-time. The other factor that control energy 

flux is the amount of current. Pulse on-time is usually referred as pulse duration. MRR 

is directly proportional to the applied discharge energy during pulse on-time. [6]  

1.4.1.4 Pulse Off-time: 

Pulse off-time is the duration of time for which flow of current is stopped. In 

this period the residue molten material is cooled down and resolidified on the surface. 

Pulse off-time is usually referred to as pulse interval.  

1.4.1.5 Arc gap (or gap):   

Arc gap is the minimum distance between workpiece and electrode during 

machining. Arc gap is sometime written as spark gap or only gap. This gap is 

maintained by servo system. 

1.4.1.6 Polarity 

The plasma channel is composed of electrons and anions. Electrons are quicker 

than the high mass anions and cause more material erosion from the positive side 

electrode for small pulse durations. This procedure results small damage to the tool 

electrode. For long pulse duration anion got enough time to accelerate and cause more 

damage to the tool electrode [3]. 
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1.4.2 Non-Electrical Parameters 

The parameters other than the electrical parameters which are not related to the 

electrical pulse setting are named as non-electrical parameters and are described as 

under, 

1.4.2.1 Dielectric Flushing 

The dielectric fluid used in electric discharge machine should have high 

dielectric strength and fast recovery after breakdown, flushing ability, and good degree 

of fluidity, effective quenching and easily available. MRR and TWR are affected by the 

type of dielectric liquid used and the method of flushing of this dielectric liquid. [7] 

1.4.2.2 Workpiece Rotation 

Guu and Hocheng [8] used rotary motion to workpiece in order to improve the 

flow of the dielectric fluid in inter electrode gap that causes higher MRR and low 

surface roughness.  

1.4.2.3 Electrode Rotation 

Similarly, MRR and machined surface characteristics can be improved by 

providing rotary motion to the electrode. Due to electrode rotation, debris are properly 

flushed away that improves the MRR and SR significantly [8] 

1.4.3 Performance Measures 

Mostly the output of different settings of electrical and non-electrical 

parameters are analyzed in term of MRR, surface roughness, TWR and surface 

characteristics like surface cracks, hardness, residual stresses and white layer thickness 

[9, 10] 

1.5 BRIEF INTRODUCTION TO EDMED SURFACES 

EDM removes material from the surface forming hemispherical cavities called 

as crater. Appendages and globules are formed on the surface. Pockmarks, chimneys 
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and surface pits are also formed due to the molten metal impulsion as discharge 

ends[11]. Surface cracks are generated due to material contraction after cooling by 

dielectric liquid. Tensile nature of residual stresses are developed in the upper layer.  

Usually the hardness of steel and nickel based alloys increases after ED machining. 

Multi-layers of different microstructure have been reported in steel based alloys. Below 

the upper layer is tempered layer having lower hardness, this layer is termed as heat 

affected zone “HAZ”. Detailed description of ED machined surfaces has been provided 

in the section of “Literature Review”.  

1.8 THE AIM/OBJECTIVE OF THE RESEARCH  

Electric discharge machining is a unique material removal process in which the 

surface of the material is eroded by the thermal energy produced by the discrete electric 

spark between electrode and workpiece submerged in the dielectric liquid. Due to high 

thermal energy the surface material evaporates/melts and a portion of this material is 

removed. The residue material resolidified on the surface having different 

characteristics as compared to the base material. High thermal energy also cause 

annealing of the material below this surface layer.  

The objective of this study is to determine the fatigue behavior of the EDMed 

material at different discharge current values and comparing with the fatigue behavior 

of turned specimens. In order to understand the basic reason influencing the fatigue 

performance, post machining and post fracture surface characteristics are investigated. 

1.9 RESEARCH METHODOLOGY 

Scope and methodology used to accomplish this research work is presented in 

the flow diagram shown in Figure 1-2. The diagram shows different phases of the 

research in a sequence. After experimentation the results are analyzed and discussed. 

Finally conclusions of the whole study are presented.    
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Figure 1-2: Experimental workflow diagram. 
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1.10 ORGANIZATION OF THESIS 

This thesis has been presented in five chapter. Chapter 1 introduces the electric 

discharge machining, working principle, types and machining parameters. Chapter 2 

presents a literature review about the effect of EDM on the surface integrity and its 

ultimate effect on fatigue performance of the material. Chapter 3 gives details of the 

selected aluminum alloy, specimen preparation and experimental facilities, and in 

Chapter 4, experimental methodologies and procedures are displayed. Chapter 5 gives 

experimental results with detailed discussions in the light of surface characterization. 

Chapter 6 presents the conclusions of current study and some suggestions for future 

work.     

1.11 SUMMARY 

This chapter presents an introduction of electric discharge machining (EDM) 

process. Electric and non-electric process parameters are defined. The objective of this 

investigation is given. The aim of this research work is investigation of the effect of a 

process parameter of EDM i.e discharge current on the fatigue characteristics of an 

aerospace alloy 2024 T6.  The effect of EDM on different surface characteristics such 

as microstructure, hardness, roughness and residual stresses etc., is also investigated. 

The methodology of the work is described by an experimental flow chart showing five 

phases of the research work. Finally, layout of the complete thesis is discussed.     
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Chapter 2 : Literature Review 

2.1 INTRODUCTION 

Due to recent developments in control system EDM has become a better choice 

as compared to conventional machining techniques. EDM has better productivity, 

precision and accuracy in machining of complex geometries [12]. Commercially, EDM 

have approximately 7% of the sales of machine tool all over the world [13].   

The use of EDM for different application is increasing day by day. Steel was 

the major aerospace material before 1960,s but after that, the use of carbon composites, 

Titanium alloys and Nickel alloys went on to reduce by time. Whereas, use of aluminum 

alloys remained approximately same. Die-sinking EDM is mostly used for the 

preparation of molds and micro-machining applications [14]  

Safety is critical in aerospace objects, therefore, fatigue failure analysis of the 

components is essential. Surface defects that occur by machining processes have 

dominant effect on high cycle fatigue performance. Endurance limit is based on the 

particular machining process and operation procedure [15].  

In this chapter literature review is performed which is related to effect of EDM 

on the surface integrity in terms of its morphology, cracks, residual stresses, hardness 

and ultimately on the fatigue strength of material. The flow chart of the literature review 

is shown in Figure 2-1. 
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Figure 2-1: Flow of literature review. 
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Figure 2-2: Schematic diagram showing effect of surface integrity parameters on the 

fatigue strength [16].  

2.2.1 Microstructure  

Electric discharge machining changes the microstructure of the surface material 

by melting the material at very high temperature. 

2.2.1.1 White layer formation 

EDM is thermo-electric machining process, in which, discrete electric sparks 

produces thermal energy to melt and/or evaporate material from the surface of both 

workpiece and tool electrode. About 15% of the molten material is only removed after 

each discharge [17]. Dielectric liquid quenches unremoved molten material that is 

called as “white layer” (WL) or “recast layer” (RL). The characteristics of the white 

layer are different than the parent material due to the effect of very high temperature. 

Below the WL there is an annealed region which is known as “Heat Affected Zone” 

(HAZ). Micro cracks that are originated from WL often penetrate into HAZ [18]. 
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2.2.1.2 White layer Thickness 

White layer have sub layers of different structure and phases depending on the 

discharge energy [19]. While, Mohammadreza Shabgard et al. [18] identified that Pulse 

on-time has more influence on white layer thickness (WLT) and the depth of HAZ as 

compared to pulse current when they carried out an effort to select optimum process 

parameters in order to achieve good surface integrity of AISI H13 tool steel by using 

copper as tool electrode [18]. Whereas, Samra Urooj and Masood shah et al [20] 

determined that WLT increases with the current initially but after some certain value of 

current, WLT start to decrease by easy flushing away of the intense cracked surface of 

Al 6061-T6. Pyrolysis of the dielectric liquid causes the diffusion of carbon in the 

molten surface material. The mixing of carbon with iron forms iron carbide.  

Abhay K. Jha et. al [21] studied the effect of EDM machining on of 15-5 PH 

stainless steel. The thickness of WL ranges from50-70µm. Thickness of WL depends 

on the type of dielectric fluid, electrode size and machining parameters. 

The pattern of cooling originates from and perpendicular to the surface and 

solidification occur in a dendritic structure. This phenomenon causes remarkable 

increase in  microhardness of the WL [11]. Thickness of WL and density of cracks are 

inversely related to the thermal conductivity of the material and directly proportional 

to the thickness of workpiece. As material with high thermal conductivity allows 

thermal energy to dissipate into surrounding bulk material that decreases the 

temperature intensity in the localized area, due to which, pool of molten material 

decreases [22]. 

J.C. Rebelo et. al [23] evaluated surface quality after EDM machining of 

Martensite Steel and found that pulse energy significantly influenced the Crater size, 

cracks density and WLT. Where WLT was the function of product of peak current and 

pulse duration and no single parameter can determine WLT completely.  
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2.2.1.3 Sub-layers of white layer    

There are four distinct layers observed in the EDM machined surface of 

Manganese-Vanadium tool steel with copper electrode, which are, 1) melted layer: 

sludge of melted particles, 2) hardened layer: consists of  martensite,  residual austenite 

and cementite , 3) interface layer: consists of martensitic-austenitic grid and cementite, 

where the fraction of austenite reduces with the distance from the tempered layer, and 

tempered layer: tempered martensite and cementite that converts into simple 

microstructure of martensite with fine globular cementite [24]. Ahmet Hasçalýk et. al 

[25] made an experimental investigation of wire EDM machining of AISI D5 tool steel. 

After EDM of the material four layers are observed. Outer most is debris layer, second 

layer is WL, third layer is annealed layer, and fourth is the parent material. WL is the 

hardest layer, whereas, annealed layer is softer than bulk material. Density and depth 

of cracks in WL is dependent on pulse duration and open circuit voltage.  

B. Jabbaripour et al [26] made a comprehensive investigation to determine the 

influence of current and on-time on surface integrity of Ti-6Al-4V. SEM examination 

of the cross section of EDM machined workpiece revealed that there are three 

prominent layers; upper layer is WL, medium tempered layer is heat affected zone and 

lower layer is bulk material layer. Similar observation [27-30] were also made by many 

researches.   

Bülent Ekmekci et. al [31] discusses that surface integrity of plastic mold steel 

generated by electric discharge machining. The resulting surface have second phase 

particles that are more round in shape than the carbides in parent material. It is observed 

that there is thermally affected layer under WL that has tempered microstructure. This 

layer is enriched by carbon contents that may be absorbed from dielectric liquid or tool 

electrode. Lower layer has slightly lower hardness than the hardness of WL. Thickness 

of HAZ is proportional to the discharge energy. For rough ED machining conditions, 
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cleavage and boundary cracks were seen that were extending into underlying material. 

The bulk material that is below the HAZ is unaffected by EDM machining.     

2.2.1.4 Surface cracks  

Surface defects like micro cracks, inclusion and micro voids are more critical 

for high cycle fatigue characteristics i.e >105, as localized plastic deformation is mostly 

linked with such surface defects[32]. Cracks show different growth trend for low and 

high stresses. At high stress, crack grow continuously at the start and remain arrested 

in the middle stage than grows slowly to failure, whereas, at low stress, cracks are 

discontinuous at the early stage that takes much time before propagation and finally 

grows rapidly to final failure. Initial life for high and low stress is approximately 70% 

and 90% respectively of their total life [33]. The density of cracks are inversely related 

to the thermal conductivity of the material and directly proportional to the thickness of 

workpiece. As material with high thermal conductivity allows thermal energy to 

dissipate into surrounding bulk material that decreases the temperature intensity in the 

localized area, due to which, pool of molten material decreases.[22]. T.Y. Tai and S.J. 

Lu [34] correlated the pulse current and pulse on time with surface cracks, WL 

thickness and fatigue life on SKD 11 tool steel specimens. The Specimen prepared at 4 

µs pulse on-time have not shown surface cracks for pulse current values of 16A and 

32A pertaining thin and thick WL respectively. Although, the specimen with thin WL 

have shown better fatigue performance than the thick WL. 

Abhay K. Jha et. al studied the effect of EDM machining on of 15-5 PH stainless 

steel. The fatigue cracks are initiated from the EDMed surface and propagated to fail 

the object. White layer has micro cracks that often terminate before bulk material but 

at some locations cracks are seen penetrating from white layer to the parent metal. It is 

noted that these cracks can be avoided by increasing pulse current value and reducing 

pulse on time value [21]. 
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Soo Hiong Lee and Xiaoping Li [35] determined the effects of EDM process 

parameters on tungsten carbide. It is found that damaged layer is developed on the upper 

surface, which contain different micro grain concentration as compared to original 

material. This layer have clusters of micro cracks that varies with current and pulse 

time. Length, depth and density of these cracks are observed to increase with the 

increase of current and pulse time. At lower values of current and pulse time, cracks are 

completely vanished. 

L. C. Lai et al. made a comprehensive study on the effects of ED machining on 

fatigue life and crack propagation in coarse-grain cold rolled Nickel and crystalline 

nickel. Micro cracks are seen perpendicular to the EDMed surface. EDM generates high 

density of dislocations that act as crack initiation sites. Surface morphology show that 

EDM have an adverse effect to nanocrystalline (NC) nickel as compared to coarse grain 

(CG) nickel, as the grain size of NC Nickel was increased after ED machining. Higher 

sulfur contents are formed during electro-deposition of NC Nickel. Crack initiation was 

inter-granular due to these sulfur contents and crack propagation was trans-granular as 

sulfur contents were present in the upper surface only. It is observed that cracks always 

start from defects or dislocations that already exists in the material. Cracks were 

observed to initiate from the Titanium particles in NC Nickel that was not EDM 

machined. Actually Titanium particles transferred from the electrode of Titanium sheet 

during electro deposition of NC Nickel. Whereas in EDM machining of NC Nickel 

there are pre-existed micro cracks that leads to the substantial reduction of fatigue life 

of NC Nickel and no much effect of EDM machining is observed in case of CG Nickel 

[36]. 

A relationship between surface cracks and EDM parameters is developed by 

H.T. Lee, T.Y. Tai et al [37] by their experimental study for the material of  D2 and 

H13 tool steel. As thermal conductivity of H13 is higher than D2, therefore, surface 

crack density of H13 is lower than D2. It is clear from Figure 2-3 that there are micro 
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cracks on the EDMed surface that are starting from upper surface and are terminating 

in the WL. Sometime, these cracks extend till the junction of WL and parent material. 

It is rare when these cracks penetrate from WL into parent material. No clear 

relationship was developed between surface cracks and EDM parameters. However, it 

was concluded that maximum crack density exists at the lower values of pulse current 

and higher pulse on-time. 

 

Figure 2-3: Material D2 (a) Surface micro cracks, 4A/15µs, (b) Crack initiated from 

surface, 4A/15µs, (c) Crack termination within WL, 8A/15µs and (d) Crack 

penetration from WL to bulk material, 6A/15µs [37]. 

About these small cracks L. Gyansah et al [38] had suggested that these small 

cracks should not be ignored because these could be as detrimental as large cracks to 

cause complete failure of the whole structure. Surface cracks were studied by L.C. Lee 

at al [39] after EDM machining in pure iron, 0.15C steel and 0.5C steel. The crack 
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susceptibility was attributed to the recast layer hardness and thermal conductivity as 

shown in Table 2-1.  

Table 2-1: Surface characteristics after EDM [39]. 

Material Crack density 

‘No. of 

cracks/length of 

recast’  

WL 

hardness 

‘HV’ 

Work metal 

Hardness 

‘HV’ 

WLT 

‘µm’ 

Ther. 

Cond. 

‘W/mK’ 

Pure Iron 0.17 369 172 13.7 

 

80.2 

0.15C 

Steel 

0.33 377 163 15.6 

 

63 

0.5C Steel 0.94 506 215 16.1 54.8 

 

Beulent Ekmekci et al [31] presented a detailed discussion regarding surface 

quality after EDM machining by using copper and graphite electrodes as tool material 

and kerosene and de-ionized water as dielectric. EDM generated craters of circular 

shape which were found independent of tool material, dielectric liquid and all other 

parameters. At high discharge energy setting, crack density decreased with the increase 

in current and close loop pitting arrangements appear along with surface cracks.. 

Maximum crack density is found for maximum pulse duration and minimum pulse 

current. 

2.2.2 Surface hardness considerations 

S.A. McKelvey and A. Fatemi [40] studied the surface finish effects on the 

fatigue performance of forged steel and discussed that the fatigue strength, usually, 

increases with the increase of hardness. But, for high cycle fatigue, this conclusion may 

not be applicable because hard materials are more prone to stress concentrations.  

Buelent Ekmekci et. al [41] reported that white layer formed by EDM is harder than 

core material., hardness value falls dramatically with depth and reaches the value 

comparatively lower than the hardness of core material, as shown in Figure 2-4. 
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Figure 2-4: Hardness and RS with depth; Material: Plastic Mold Steel, Dielectric: 

Deionized water: Current 16A, On-time 800µs [41]. 

Christopher Herbert et. al [27, 42] studied the WL characteristics that was 

produced by drilling operation in Nickel based alloy RR1000 and it is concluded that 

WL has FCC and  polycrystalline structure same as bulk material but with smaller 

average grain size of 50 nm whereas bulk material has average grain size of 22-

63µm.Due to this refined grain size WL have 45% more harness than bulk material. L. 

Li et al. [43] studied the surface integrity of Inconel 718 and found that WL formed has 

less hardness than the bulk material because this material do not have enough carbon 

contents that make WL harder as it mostly happens in case of steel. 

J. P. Kruth et. al [29] studied the WL hardness of Mold Steel Impax, Carbon 

Steel C35 and Pure Iron Armco after ED machining in different types of dielectric 

mediums. It is found that oil dielectric produces more hardness because iron carbides 

are formed in the surface by absorbing the carbon components from oil during 
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machining. In water dielectric, hardness is reduced due to de-carbonization of white 

layer.   

Soo Hiong Lee and Xiaoping Li [35] determined the effects of EDM process 

parameters on tungsten carbide. Hardness of uppers layers are only varied. Whereas the 

lower surface layers have hardness same as original material for all setting of EDM 

parameters. F. Ghanem et al [44] found that the EDMed surface hardness is three times 

greater than the hardness of the bulk material when evaluating influence of steel types 

on the surface integrity after ED machining. S. Jeelani and M.R. Collin [45] argued that 

the hardness of WL is more than the parent material, due to which, the surface become 

brittle that results in reduced fatigue life. But, in contrast, for same material, Thomas 

R. Newton et. al [46] found decrease in the hardness of WL as compared to the parent 

material. 

May et. al [47] explored the changes in material properties of Al 2024-T3 with 

service life of the component. The investigated material properties are hardness, 

modulus of elasticity, yield strength, ultimate strength, and electrical resistivity. Most 

of properties did not show considerable change with fatigue damage except surface 

hardness and electrical resistivity. Evolution of Micro cracks might be the reason for 

increase in hardness and electrical resistivity. Material is harden with fatigue damage 

that eventually failed in brittle rupture. Similar conclusion is also made by G. 

M.Domingues ALmaraz et. al [48] in their work on crack initiation and propagation in 

four point rotating specimen. They concluded that Elastic strain is higher in early stages 

and goes to decrease till rupture. This behavior was attributed to the increase in hardness 

with service life of the component.  

2.2.3 Surface roughness 

 

Most surfaces have regular and irregular spacing that tend to form a pattern or 

texture on the surface. This surface texture is generated by a combination of various 
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factors that are due either to the manufacturing process or the material being finished. 

The topography of a surface consists of three features: surface roughness, surface form 

and surface waviness. Surface roughness is commonly measured by recording surface 

texture using contact mechanism such as Stylus profilometer. [49] 

 The basic principle of this profilometer is shown in Figure 2-5. 

 

 

Figure 2-5: basic concept of surface profilometer [49]. 

The tip of the stylus profilometer traces the surface texture and analog-to-digital 

converter transforms position coordinates into signals. Errors and uncertainties in the 

data are removed by some filters and by a digital display unit different roughness 

parameters are shown on the screen. 

Some amplitude parameters to assess roughness of the surface profile are 

described below  

Arithmetic mean roughness (Ra) 

It is the mean of the absolute values of the profile ordinates from the center line 

along specified sampling length. This method is also known as arithmetic average or 

center line average as shown in Figure 2-6. 
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Figure 2-6: Arithmetic mean surface roughness (Ra) 

Root mean square roughness (Rq) 

This method is closely related to the arithmetic mean roughness. The average 

of the squar values of the ordinates of the surface profile from the center line are used. 

Usually this method gives higher value than Ra. 

Maximum Peak to valley height roughness (Rt or Rmax) 

This is the second most popular method used in the industry after Ra. This 

shows the maximum distance between the highest peak and the lowest valley of the 

profile as shown in Figure 2-7. 

 

`  

Figure 2-7: Maximum Peak-Valley height surface roughness (Rt or Rmax) 
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Ten-Point height roughness (Rz) 

It is the average of the ordinates from the line of five highest peaks and five 

lowest valleys on the surface profile as shown in Figure 2-8. 

 

 

Figure 2-8: Ten point height surface roughness (Rz) 

2.2.3.1 Effect of surface roughness on surface integrity 

In various studies effect of surface roughness on the fatigue performance on 

different materiasl had been investigated in terms of roughness parameters. M. 

Suraratchai et. al [50] investigated the effect of machining induced surface roughness 

on the fatigue performance of aluminum alloy. Surface grooves are assumed to provide 

stress concentration. The stress concentration factor “𝐾𝑡" is related to the fatigue stress 

concentration factor "𝐾𝑓” which is defined as the ratio of fatigue limit of smooth 

specimen to fatigue limit of rough specimen. "𝐾𝑓" is related to "𝐾𝑡" by the relation, 

𝐾𝑓 = 1 + 𝑞(𝐾𝑡 − 1)   (2.1) 

Where q denotes sensitivity of the notch depending on the materials properties 

and asperities shape. Arola and William [51] aslo proposed a model to estimate the 

stress concentration factor from surface roughness parameters. 

  (2.2) 

Where 𝐾𝑡  depends on the state of stress and ρ represents the effective radius of 

profile valley.  
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2.2.4 Residual stresses  

Thermal tensile stresses are also generated on the surface after rapid cooling of 

the molten material which are termed as “residual stresses”. These residual tensile 

tresses, if are more than the yield strength of material, result in surface cracks/micro 

cracks [18]. Hwa-Teng Lee et. al [52] measured residual stresses in EDMed carbon 

steel by the hole drilling strain gauge method. Residual stresses are realized to be related 

to white layer thickness, which are greater at higher values of pulse current and pulse 

on time  

V. Garc´ıa Navas et. al [53] made a comparative study of wire EDM machining with 

production grinding and hard turning of AISI-01. They classified residual stresses in 

two type; 1) Macro residual stresses; that exist among grains and could be represented 

by tensor. These stresses are easy to measure comparatively, 2) Micro-residual stresses; 

exist around defects or flaws. These stresses are difficult to determine by traditional 

methods and are represented by a scalar. Three types of Stress distributions, previously 

discussed by Parrish, Figure 2-9. 

 

Figure 2-9: Three types of Stress distribution curves [53]. 

Where, Type-I represent stresses developed after abusive machining and type-

III gives the pattern obtained by gentle machining and type-II is most undesirable; 

plastic deformation at the surface generates compressive stresses and huge amount of 

heat under this layer produce high tensile stresses. EDM generates tensile stresses at 

the surface, whose value increases in depth and reaches to maximum and then start to 
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disappear gradually. This is close to the Type-II trend that is presented by Parrish as the 

worst stress distribution. This stress distribution may cause crack initiation at early 

stage and fast crack propagation. Finish parameter setting (low discharge energy) after 

rough machining caused decrease in residual tensile stresses [53]. 

 Buelent Ekmekci et. al [41, 54] developed a semi empirical model for 

determination of residual stresses by removing EDMed layers by Electro chemical 

machining of plastic mold steel with deionized water as dielectric liquid. He found that 

residual stresses depend on discharge energy and are independent of the pulse duration 

and current values. It is also observed that residual stresses are tensile in nature which 

are increasing in the depth and reach its peak value within HAZ and then fall rapidly to 

low value of compressive residual stresses. The intensity of surface cracks is 

independent of discharge energy and peak value of tensile residual stresses is close to 

the ultimate tensile strength of the material. 

Among the different methods developed for this purpose, the hole-drilling and 

X-ray diffraction are widely employed for the quantitative residual stress analysis and 

are described in detail in the following  

2.2.4.1 Hole drilling method 

 

One of the popular techniques used on a large scale for measuring residual stress 

is the hole-drilling method. A typical application of the hole-drilling method involves 

digging a small shallow hole in the sample. This material removal emphasized local 

stress and strain causes relaxations on the hole location [55]. The amount of strain 

relaxation is measured using specially strain gauge rosette. In Figure 2-10, the 

arrangement of the three strain gauges in a rosette is shown and the preferred blogging 

for the direction of principle stresses.  
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Figure 2-10: Arrangement of strain gauge rosettes for determination of residual 

stresses. 

2.2.4.2 X-ray diffraction method 

 

X-ray methods have been used on a large scale for measuring the residual 

stresses in crystalline materials. This method is non-destructive based on an assessment 

interplanar distances in distorted samples along different directions. However, in order 

to obtain information on the depth of the stress, and that it is essential to combine the 

means of removing a layer. 

Also limited to the size of the sample, it is difficult to analyze the residual 

stresses in the real cutting machine parts. Usually handmade measurements on 

conventional X-ray powder diffractometer or with a special unit. X-rays penetrate the 

usually less than 20 microns in material and way to do that is limited to determining 

residual stresses on the surface of the sample in a short depth [56]. 
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2.3 PARAMETRIC EFFECT ON SURFACE INTEGRITY 

Before ED Machining of a specific material it is necessary to have a knowledge 

of suitable dielectric liquid, electrode material and electric parameter settings for 

desired results in terms of surface roughness, hardness, residual stresses and fatigue 

strength etc.    

2.3.1 Effect of dielectric liquid on surface integrity 

Dielectric liquid is used as an insulator material between workpiece and 

electrode before ionization point, which also cools both electrodes and vaporized 

particles, and removes debris from the sparking gap. Hydrocarbon based dielectric 

fluids are preferred over deionized water because of their electrical stability during 

sparking [57]. Debris are expelled out along with bubbles and their quantity is directly 

proportional to discharge current and pulse duration [58]. The effectiveness of 

environment friendly dielectric liquids (water-based and gaseous dielectric liquids) 

with conventional oil based dielectric liquids was studied by Fábio N. Leão and Ian R. 

Pashby [13]. They concluded that each dielectric liquid had its own characteristics and 

advantages. Oil-based dielectric liquids causes an increase of carbon contents in steel 

with better MRR and lower SR in some special applications. Whereas water-based 

dielectric liquids result in the decrease of carbon contents with lower surface cracks 

density and thicker HAZ as compared to oil base dielectrics. Air and oxygen could be 

good alternatives to conventional expensive dielectric liquids. Further research is also 

demanded in this specific area [13].   

In order to determine surface characteristics by removing the crater in single 

discharge, Yanzhen Zhang et. al [59] considered five different dielectric liquids i.e. 

kerosene, water in oil (W/O) emulsion, oxygen, air and de-ionized water. Each type of 

dielectric liquid produced totally different crater shape, Figure 2-11.  
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Figure 2-11: Crater formed in different dielectrics; (a). Air, (b). Kerosene Oil, (c). De-

ionized water, (d). Water in Oil Emulsion, (e). Oxygen; Pulse on time= 105 µs, Scale 

bar length=100µm [59]. 

The diameter of recast crater is increasing with pulse on time for all types of 

dielectrics, whereas, W/O emulsion produced larger crater followed by Kerosene, 

oxygen, de-ionized water and air respectively. At low value of pulse duration kerosene 

gives slightly higher crater size as compared to W/O emulsion. Air, when used as 

dielectric liquid, produces smallest crater diameter for all setting of pulse duration. 

Material removal efficiency of liquid dielectrics is found better than gaseous dielectrics 

and is directly proportional to pulse duration [59]. 

 Yanzhen Zhang et. al [60] investigated the effect of W/O emulsion as dielectric 

on the surface characteristics at different discharge energy values and compared it with 

kerosene and de-ionized water. It is found that the RL that is developed by using W/O 

emulsion have highest hardness, thickness and SR and all of these parameters also 

increase with higher current values. Micro cracks with more depth and micro-voids are 

seen in W/O emulsion as compared to pure kerosene and de-ionized water. Micro voids 

are formed due to the super saturation of gases in W/O emulsion. S.L. Chen et. al [61] 

compared the influence of kerosene and distilled water on Ti-6Al-4V and found that 

distilled water has greater MRR  and lower tool wear ratio than kerosene that is because 

of larger impulsive forces and debris size in case of distilled water. But, large amount 

of undesirable surface cracks are generated when using distilled water as dielectric. 

P. Govindan et. al [62] characterized the surface of SS 304 by crack length, 

crack density and their orientation on the wall and bottom that is eroded by EDM with 

copper tool electrode by using air as dielectric. The topographic comparison is made 
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for Dry-EDM and die-sink-EDM with oil based dielectric. It has been found that liquid 

dielectric produces about 1.5 to 6 times the average crack length as compared to dry-

EDM. Average crack density for liquid dielectric is 1.5 to 7.5 time more than that of 

dry-EDM. This difference is because of two reasons, i) the high discharge energy by 

liquid dielectric followed by rapid cooling and ii) increase of carbon contents by 

disintegration of oil based dielectric liquid.  

S. Chakraborty et. al [63] performed an extensive review of the dielectric liquids 

used for EDM and their effect on the surface quality. For high discharge energy ranges 

the distilled water results higher MRR and lower wear ratio as compared to hydrocarbon 

oil. With machining with water as dielectric liquid a wear ratio equal to zero could be 

achieved. The surface roughness produced by deionized water is lower than the 

hydrocarbon oil. Mixing of the organic compounds in the deionized water can be 

advantageous for high currents and long pulse durations. If electrically conductive 

powder is mixed in the dielectric liquid the insulating strength of the dielectric liquid is 

reduced that increases the gap between tool electrode and workpiece. Due to which the 

EDM process becomes more stable and, surface quality and MRR are improved. 

Selection of flushing pressure of the dielectric liquid for surface integrity is an 

important factor as Y.S. Wong et al [64] reported that there is an optimum level of 

flushing pressure, above and below of which an increase in both surface cracks and 

white layer thickness (WLT) will occur. Air and water based dielectrics are cost 

effective and environment friendly and these can successfully replace oil based 

dielectrics in the applications where MRR is preferred instead of surface integrity.   

There are few more advancement to achieve better results by using ultrasonic 

vibrations and additives in the dielectric liquids which are discussed on coming pages.  
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2.3.2 Electrode effect on surface integrity 

During EDM machining ablated workpiece material deposit on the surface of 

the tool electrode that can enhance the service life of tool electrode by protecting it from 

secondary discharges [65, 66]. M. Boujelbene et. al [67] investigated influence of 

electrode material on die steel. Copper electrode produced thicker and harder WL as 

compared to graphite electrode.  

S. H. Lee and X.P. Li [68] observed the effect of three different materials i.e 

copper, graphite and Copper-Tungsten( CuW)  as electrode in ED machining of 

Tungsten Carbide(WC) and found that Graphite gives highest values of MRR and SR  

followed by CuW and Cu respectively. Shankar Singh et al [69] compared the effect of 

Cu, CuW, brass and aluminum as electrode material in EDM machining of hardened 

tool steel En-31 and found that Cu tool electrode resulted highest MRR followed by 

Brass, CuW and Aluminum electrodes respectively. CuW electrode generates highest 

SR followed by Brass, Cu and Al for lower values of discharge current i.e. from 6A to 

11A. It is concluded that Cu is better choice as it gives comparatively low diametric 

overcut and better surface finish. 

 C.H. Che Haron et. al [70] compared copper and Tungsten electrodes. Cu 

electrode has less wear rate and greater MRR but lower surface finish. A combination 

by using Cu electrode for fast machining initially and tungsten electrode for finish cuts 

has been suggested to achieve better machining characteristics and surface finish. H S 

Payal et. al [71] investigated that, for high discharge energy, copper electrode gives 

better MRR as compared to brass and graphite electrodes, whereas brass gives better 

surface finish, for EN 31 tool steel workpiece material.  

Graphite tool electrode along with deionized water at high pulse duration gives 

unusual and intense cracks that penetrate into thermally affected layer[31]. C. H. Che 

Haron et al.[72] tried to determine the correlation of MRR and tool wear rate with 

discharge current and electrode size. They found that for optimized results, low 
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discharge current should be used for small size tool electrodes and high discharge 

current should be used for larger tool electrode.   

EDM automatically adjusts gap distance, between workpiece and tool electrode, 

to stabilize the discharge by proper deionizing for different settings of discharge energy. 

Increasing values of pulse current and pulse voltage have uniform effect on gap 

distance. The discharge current has a somewhat greater effect on gap distance [73]. 

SeongMin Son et. al [74] added that gap width is inversely proportional to the pulse 

duration.  

 

 

  

Figure 2-12: (a) Variation in plasma dia, discharge voltage and current with gap 

width, (b) Variation in diameter of molten area and heat flux with gap width [4]. 

Kojima et. al [75] determined the arc plasma behavior in a single discharge with 

high speed camera. It is found that by increasing gap width the diameter of plasma also 

increases but heat flux decreases, due to which, the diameter and depth of molten pool 

decreases,   

Figure 2-12. This is assumed as a good reason for reduced MRR and smoother 

surface for high gap width. 

Byung Han Yoo et. al [76] demonstrated the EDM process by using variable 

capacitance i.e  9,20,47,100pF and gap voltage i.e. 60,80,100,120,150V. The electrode 

(a)                                                                                        (b) 
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wear rate increases by increasing gap voltage, because high energy ions collide with 

electrode. From 60 to 100V, increase in kinetic energy of electrons resulted in the 

improvement of MRR. But at high gap voltage MRR was observed to decrease because 

of the increased tool wear rate. Which is due to impact of ions of high momentum on 

tool electrode whereas low weight electrons are colliding on anode workpiece [76]. 

Machining accuracy was found highly dependent on the gap voltage in case of high 

discharge power or pulse duration [24]. 

  

2.3.3 Effect of electrical parameters on surface integrity 

The surface generated by the ED machining is unreflective and non-directional 

and the size of the spherical shaped crater is dependent on the melting point of the 

material and electrical parameters. Current and spark ON-time are the principal factors 

in determining spark energy that effects the volume of the removed material and surface 

finish.[57]. M Gostimirovic et. al [73]  investigated the influence of pulse current and 

pulse duration on Magnesium-Vanadium  tool steel by using graphite electrode. Both 

pulse duration and current density parameters affect MRR and have one optimal setting 

that gives maximum MRR. Pulse duration has slight effect on SR, whereas, pulse 

current have an obvious effect on SR.  

Ahmet Hasçalýk et. al [25] made an experimental investigation of wire EDM 

machining of AISI D5 tool steel and found that the SR is directly proportional to the 

pulse duration and open circuit voltage. M. Kiyak et. al[77] studied experimentally the 

effect of pulse on time, pulse off time and pulse current on SR of AISI P20 tool steel. 

They found that the combination of low values of pulse current and on-time and high 

value of pulse off-time generate finer surface finish but MRR decreased that may not 

be preferable. So it was suggested that rough machining parameters with high discharge 

energy should be used initially and fine energy setting with low discharge energy should 

be used for final cuts only.  
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Yusuf Keskin et. al [78] and Halkaci et. al [79] performed similar experimental 

work to study effect of EDM parameters on SR. It is found that the SR increases with 

pulse duration most dominantly. Furthermore, long Pulse duration and high discharge 

energy produces craters of large diameter and with more depth. J.C. Rebelo et. al [80] 

investigated characteristics of  EDMed surface of Copper-Beryllium alloy. High 

discharge energy caused increase in both SR and MRR.  For same energy settings, MRR 

is ten times smaller and SR is two time smaller for copper Beryllium alloys as compared 

to steel. This difference is attributed to higher thermal conductivity of copper material. 

Similarly Y. H. Guu et. al [81] studied Manganese–Zinc Ferrite Magnetic Material and 

found that MRR, WLT, transfer of tool material and SR have direct relationship with 

discharge energy.  

Y.H. Guu and Y. Hocheng [82] introduced a  rotating workpiece setup with 

variable speed DC motor installed at EDM bed.  Along with electric parameters 

workpiece rotation also play role. Debris of the removed material are easily flushed 

away at high rotation speed that resulted in an increase of MRR and decrease in SR and 

WLT. S. H. Lee and X.P. Li [68] observed a decrease in MRR and an increase in SR 

for higher values of open circuit voltage. Flushing pressure is also an important 

parameter that have obvious effect on surface characteristics.  M. K. Pradhan [83] 

categorized the effects of all electrical parameters on surface integrity in terms of SR, 

crack density and WLT. It was observed that pulse duration is most effective parameter 

followed by duty factor, current and voltage.  

The summary of the effect of EDM on all surface integrity characterizing 

parameters is shown in a tabular form in Table 2-2 . 
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Table 2-2: Summary of the effect of EDM on white layer characteristics.   

EDM 

Type 

Authors Material Response 

variable 

Influencing 

parameters 

Remarks 

EDM 

 

Mohammadrez

a Shabgard et 

al. [18] 

AISI H13 

tool steel 

WLT and depth 

of HAZ 

Current/Pulse

-on time 

Optimum procee parameters are 

investigated for desired surface 

integrity 

EDM 

 

Samra Urooj et 

al [20] 

Al 6061-T6. WLT and 

composition 

Current MRR and surface morphology is 

investigated w.r.t current.  

EDM 

 

Abhay K. Jha 

et. al [21] 

15-5 PH 

stainless 

steel. 

WLT Dielectric 

fluid, 

electrode size 

and 

machining 

parameters 

The thickness of WL ranges 

from50-70µm 

EDM 

 

Ramasawmy 

et al[11] 

Tool steel 

(0.38% C, 

16% Cr) 

WLT and 

density of 

cracks and 

microhardness 

 Thermal conductivity 

EDM 

 

J.C. Rebelo et. 

al [23] 

Martensite 

Steel 

Crater size, 

crack density 

and WLT 

Pulse energy Dependence of residual stresses 

and surface roughness on 

process parameters is studied. 

Wire-

EDM 

Ahmet 

Hasçalýk et. al 

[25] 

AISI D5 tool 

steel 

WLs Pulse 

duration and 

open circuit 

voltage 

Outer most is debris layer, 

second layer is WL, third layer 

is annealed layer, and fourth is 

the parent material 

EDM 

 

B. Jabbaripour 

et al [26] 

Ti-6Al-4V MRR and TWR Current/Pulse

-on time 

Density of cracks are inversely 

related to the thermal 

conductivity of the material and 

directly proportional to the 

thickness of workpiece. 

EDM 

 

T.Y. Tai and 

S.J. Lu [34] 

SKD 11 tool 

steel 

Surface cracks Current/Pulse

-on time 

Increasing current and 

decreasing pulse-on time 

suppress formation of cracks. 

EDM 

 

Abhay K. Jha 

et. al[21] 

15-5 PH 

stainless 

steel. 

Surface cracks Current/Pulse

-on time 

Cracks can be avoided by 

increasing pulse current value 

and reducing pulse on time value 

EDM 

 

Soo Hiong Lee 

and Xiaoping 

Li [35] 

Tungsten 

carbide 

Surface cracks Current/Pulse

-on time 

WLT and cracks increase with 

pulse current and pulse-on time. 
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EDM L. C. Lai et al. 

[36] 

Nickle based 

super alloy 

fatigue life Grain size EDM deteriorate fatigue strength 

of nano-cristaline Nickle but do 

not affect course grain.  

EDM 

 

H.T. Lee, T.Y. 

Tai et al [37] 

D2 and H13 

tool steel 

Crack density EDM 

parameters 

Maximum crack density exists at 

the lower values of pulse current 

and higher pulse on-time 

EDM 

 

L. Gyansah et 

al[38] 

Steel Cracks Fatigue 

strength 

Small cracks should not be 

ignored because these could be 

as detrimental as large cracks to 

cause complete failure of the 

whole structure 

EDM 

 

by L.C. Lee at 

al[39] 

pure iron, 

0.15C steel 

and 0.5C 

steel 

Cracks in white 

layer 

Process 

parameters 

The crack susceptibility was 

attributed to the recast layer 

hardness and thermal 

conductivity 

Forgin

g 

S.A. 

McKelvey and 

A. Fatemi [40] 

forged steel Fatigue 

performance 

hardness Hardness is proportional to 

fatigue strength 

EDM Buelent 

Ekmekci et. al 

[41] 

Plastic Mold 

Steel 

Hardness, RS Current/Pulse

-on time 

Tensile residual stresses are 

developed below the EDMed 

surface. 

Drillin

g 

Christopher 

Herbert et al. 

[27, 42] 

Nickle based 

super alloy 

Hardness, 

microstructure 

Drilling Hardness of the white layer 

increased by 45%. 

Wire 

EDM 

Li et al. [43] Inconel 718 Hardness, Discharge 

energy 

Reduction in WL hardness 

EDM J. P. Kruth et 

al.[29] 

Mold Steel Hardness, Dielectric 

liquid 

Carbon is transferred from oil 

into white layer. 

EDM Soo Hiong Lee 

and Xiaoping 

Li [35] 

tungsten 

carbide 

Hardness, Current/Pulse

-on time 

Density of micro cracks increase 

with pulse current and pulse-on 

time. 

EDM F. Ghanem et 

al[44] 

steel types Hardness, Current Near surface hardening due to 

carbon enrichment depends 

strongly on the initial 

structure(BCC or FCC). 

EDM S. Jeelani and 

M.R. Collin 

[45] 

Steel fatigue life Cutting speed Fatigue lives of the machined 

specimens decreased slightly, 

but remained unchanged with 

variations in cutting speed. 

EDM 

 

R. Newton et. 

al [46] 

Inconel 718 Hardness, white 

layer 

Current, 

Pulse on-time 

In white layer, hardness and 

elastic modulus are lower than 

bulk material. 
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EDM 

 

May et al[47] Al 2024-T3 Fatigue damage Mechanical 

properties 

Degree of hardening and the 

electrical resistivity increase 

with fatigue cycles 

EDM 

 

M.Domingues 

ALmaraz et 

al.[84] 

AISI 304 

Stainless steel 

Crack initiation 

and propagation 

Fatigue 

loading 

Plastic strain is studied 

EDM 

 

M. Suraratchai 

et al.[50] 

Aluminum 

alloy 

fatigue 

performance 

Surface 

roughness 

Mathematical model is 

developed 

EDM Hwa-Teng Lee 

at al[52] 

carbon steel Residual 

Stresses 

WLT Residual stresses increase at 

higher values of pulse current 

and pulse-on time. 

Wire-

EDM 

V. Garc´ıa 

Navas et al[53] 

AISI-01 tool 

steel 

Residual 

stresses, 

hardness 

Comparison 

with turning 

and grinding 

EDM is the most detrimental to 

surface integrity and fatigue 

performance. 

EDM Buelent 

Ekmekci et 

al[41, 54] 

plastic mold 

steel 

Residual 

Stresses 

Discharge 

energy 

Residual Stresses are 

independent of the pulse 

duration and current 

EDM 

 

Fábio N. Leão 

and Ian R. 

Pashby[13] 

Review 

article 

Machining 

characteristics 

Dielectric 

liquids 

Each dielectric liquid had its 

own characteristics and 

advantages 

EDM 

 

Yanzhen 

Zhang et al 

[59] 

Mold steel 

8407 

Crater size and 

shape 

Dielectric 

liquids 

Material removal efficiency of 

liquid dielectrics is found better 

than gaseous dielectrics 

EDM 

 

Yanzhen 

Zhang et al. 

[60] 

Steel alloy surface 

characteristics 

W/O 

emulsion 

the RL that is developed by 

using W/O emulsion have 

highest hardness, thickness and 

SR 

EDM 

 

S.L. Chen et. 

al[61] 

on Ti-6Al-4V surface 

characteristics 

Kerosene and 

distilled 

water as 

dieelctric 

distilled water has greater MRR  

and lower tool wear ratio than 

kerosene 

Dry- 

EDM 

P. Govindan 

et. al[62] 

SS 304 surface 

characteristics 

Air as the 

dielectric  

Liquid dielectric produces about 

1.5 to 6 times the average crack 

length as compared to dry EDM. 

EDM 

 

S. Chakraborty 

et. al[81 

Review 

article 

surface 

characteristics 

Dielctric 

liquids 

Surface roughness produced by 

deionized water is lower than the 

hydrocarbon oi 

EDM 

 

Y.S. Wong et 

al. [64] 

Steel alloys Surface cracks 

and WLT 

Flushing 

pressure 

There is optimal flushing rate.  
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EDM 

 

M. Boujelbene 

et al [67] 

die steel WLT, hardness Electrode 

material 

Copper electrode produced 

thicker and harder WL as 

compared to graphite electrode. 

EDM 

 

S. H. Lee and 

X.P. Li[68] 

Tungsten 

Carbide(WC) 

MRR and 

surface 

roughness 

Copper, 

graphite and 

Copper-

Tungsten( 

CuW)  as 

electrode 

Graphite gives highest values of 

MRR and SR  followed by CuW 

and Cu respectively 

EDM 

 

Shankar Singh 

et al [69] 

tool steel En-

31 

MRR Cu, CuW, 

brass and 

aluminum as 

electrode 

material 

Cu tool electrode resulted 

highest MRR followed by Brass, 

CuW and Aluminum electrodes 

respectively 

EDM 

 

C.H. Che 

Haron et al 

[70] 

XW42 tool 

steel 

MRR, Electrode 

wear rate 

Copper and 

Tungsten 

electrodes 

Cu electrode has less wear rate 

and greater MRR but lower 

surface finish 

EDM 

 

H S Payal et 

al. [71] 

EN 31 tool 

steel 

MRR and 

surface 

roughness 

Copper, brass 

and graphite 

electrodes 

Copper electrode gives better 

MRR as compared to brass and 

graphite electrodes, whereas 

brass gives better surface finish 

EDM 

 

C. H. Che 

Haron et 

al.[72] 

Tool steel MRR and tool 

wear rate 

Size of 

electrode 

Low current is suitable for small 

diameter electrode. 

EDM 

 

SeongMin Son 

et al[91] 

General Gape width Electrical 

parameters 

Gap width is inversely 

proportional to the pulse 

duration 

EDM 

 

Kojima et. al 

[75] 

General MRR, Surface 

finish 

Gape width Arc plasma diameter increased 

with increasing gap 

EDM 

 

Byung Han 

Yoo et al [76] 

General MRR and TWR Gap voltage Tool wear ration decreases with 

increase of voltage 

EDM 

 

Jameson Et. al 

[76] 

General MRR and 

surface finish 

Current and 

spark ON-

time 

Higher current and pulse on-time 

gives higher MRR and surface 

finish 

EDM 

 

M 

Gostimirovic 

et. al [73] 

Magnesium-

Vanadium  

tool steel 

MRR and 

surface 

roughness 

Pulse 

duration and 

current 

density 

Pulse duration has more effect  

on surface roughness as 

compared to pulse current. 

wire 

EDM 

Ahmet 

Hasçalýk et. al 

[25] 

AISI D5 tool 

steel 

Surface 

roughness 

Electrical 

parameters 

SR is directly proportional to the 

pulse duration and open circuit 

voltage 
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EDM 

 

M. Kiyak et. 

al[77] 

AISI P20 tool 

steel 

Surface 

roughness 

Electrical 

parameters 

low values of pulse current and 

on-time and high value of pulse 

off-time generate finer surface 

finish 

EDM 

 

Yusuf Keskin 

et. al [78] 

Steel Surface 

roughness 

Electrical 

parameters 

Surface roughness has an 

increasing trend with an increase 

in the discharge duration. 

EDM 

 

J.C. Rebelo et. 

al [80] 

Copper-

Beryllium 

alloy and 

steel 

Surface 

roughness and 

MRR 

Electrical 

parameters 

For same energy settings, MRR 

is ten times smaller and SR is 

two time smaller for copper 

Beryllium alloys as compared to 

steel 

EDM 

 

Y. H. Guu et. 

al[81] 

Manganese–

Zinc Ferrite 

Magnetic 

Material 

MRR, WLT 

and surface 

roughness 

Electrical 

parameters 

Surface characteristics are not 

uniform 

EDM 

 

Y.H. Guu and 

Y. Hocheng 

[82] 

Steel MRR and TWR Workpiece 

rotation 

Rotation speed of the tool 

electrode influences MRR and 

surface roughness 

EDM 

 

S. H. Lee and 

X.P. Li [68] 

Tungsten 

carbide 

Surface 

characteristics 

Flushing 

pressure 

There are optimum parameters 

for precision machining. 

EDM 

 

M. K. 

Pradhan[83] 

AISI D2 tool 

steel 

Surface 

roughness, 

crack density 

and WLT 

Electrical 

parameters 

Pulse duration is most effective 

parameter followed by duty 

factor, current and voltage 

2.4 EFFECT OF EDM ON FATIGUE STRENGTH  

 

According to ASTM E 1150, the term fatigue is defined as, “The process of progressive 

localized permanent structural change occurring in a material subjected to conditions that 

produce fluctuating stresses and strains at some point or points and that may culminate in 

cracks or complete fracture after a sufficient number of fluctuations”. 

When cyclic load is applied on the material the slip band intrusions and extrusions are 

formed on the surface. Wood [85] has a considerable contribution to understand the basic 

concept of fatigue failure suggested that slip band consists of very refine slips of nano-metric 

size and the deformation will occur without strain hardening. The back and forth movements 

of the slips generated microscopic notched which are the stress raiser when subjected to 
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fluctuating loads and cracks are initiated from these sites. The concept of Wood is illustrated in 

Figure 2-13. 

 

 

Figure 2-13: Woods concept of slip bands leading to crack development [85]. 

Fatigue cracks initiate from the machine like scratches on the surface and 

penetrate in to the bulk material causing complete failure of the component [86]. Koster 

and Field [87]reported that high cycle fatigue properties are majorly affected by 

machining and are dependent on the type of machining operation and the parameters 

used. Fatigue failure is considered as two step procedure, i.e crack initiation and 

propagation that is limited to only crack propagation step by the presence of cracks in 

the white layer. Whereas, 70% and 90% of total fatigue life is spent in crack initiation 

at high and low stresses [33].  

It was reported by O. A. Abu Zeid [88] that machining of AISI D6 Tool at high 

discharge energy is more adverse to fatigue life than low discharge energy. The white 

layer is harder than the parent material. Many micro cracks had been seen by 

micrographs by scanning electron microscope (SEM) in this layer. Presence of these 

cracks resulted in the reduction of fatigue life by converting fatigue failure procedure 

from two steps (Crack initiation and propagation) to single step (Crack propagation) 

due to the pre-existence of cracks in white layer. 

Mohd Ahadlin and Mohd Daud et. al [89] compared the fatigue life of as-cut 

wire-EDM of AZ61 Magnesium alloy with the specimen that were polished after wire-

EDM. The stress intensity value is found slightly greater than the threshold stress 
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intensity value that resulted in the crack propagation from the pits of wire-EDMed 

surface. Fatigue life of wire-EDMed specimen is lower than the smooth specimens by 

20 MPa. 

S. Jeelani and M.R. Collin [45] investigated the effect of EDM on fatigue life 

of Inconel 718. They removed white layer of a set of specimens by mechanical 

polishing and chemical etching, and considered them as virgin/parent material. ED 

machined specimen’s SR (0.355 µm) was found higher than parent material (0.28 µm). 

Fatigue life was found independent of the MRR, whereas EDMed specimens show 35% 

less fatigue life as compared to conventionally machined specimens but remained 

unchanged for all cutting speed values. M. Ramulu et. al . [90] studied the effect of 

fine(1/3A, 600Hz) and course(6A, 50Hz) cutting conditions in ED Machining of 15 

vol% SiCp/Al metal matrix composite with copper electrode and results are compared 

with as-machined polished specimen. Recast layer is developed in both fine and course 

conditions. Surface Roughness values for polished specimen are (Ra=0.28 µm, Rt =8.58 

µm), for fine cutting (Ra=3.71 µm, Rt 50.32 µm), and for course cutting (Ra=14.5 µm, 

Rt=142.3 µm). Fatigue strength for EDMed specimens was significantly less (15-20%) 

than the polished specimen 

J.D. Fordham et. al [91] compared the effect of profiling techniques, stamping, 

abrasive water jet, laser beam machining (LBM) , EDM and EDM with shot peening, 

on fatigue performance of AISI 301 and Inconel 718 membranes. EDM and laser beam 

edge surfaces do not have martensite that is the hardening agent due to which these 

machining techniques gives fatigue life significantly lower fatigue strength than 

stamping techniques. Although, shot peenig after EDM and laser beam machining 

transforms austenite to martensite that improves the fatigue life up to 12%, Figure 2-14. 

Sasahara et. al concluded that surface roughness is not the only parameter affecting 

fatigue life of the material [92]. 
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Figure 2-14: Comparison of fatigue behavior from EDM, LBM, stamped and EDM 

with shot peening for Inconel 718 [91]. 

Many studies have been performed on different materials to determine the effect 

of EDM on the fatigue performance. Guu et. al [93] studied EDMed D2 tool steel and 

found that the fatigue strength was decreased by increasing the discharge current and 

the pulse ON-time. Guu et. al [94] reported that white layer formed by EDM caused 

reduction in the fatigue life up to 8 times for AISI 52100 steel. Tai et.al [34] investigated 

the effect of pulse current and pulse ON-time on the fatigue life of SKD11 tool steel 

and found that the discharge energy was directly proportional to the white layer 

thickness which is inversely proportional to the fatigue life. Ghanem et. al [95] 

presented some mechanical processes to improve the fatigue performance of tool steel. 

B. Casas et. al [96] determined the effect of EDM on fatigue and flexural strength of 

the cemented carbide material and found 62% decrease in the fatigue life than the as-

machined ground specimen.  

The studies performed for evaluation of the fatigue characteristics of different 

materials after electric discharge machining are summarized in Table 2-3. 
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Table 2-3: Summary of the effect of EDM on the fatigue performance. 

EDM 

Type 

Authors Material Response 

variable 

Influencing 

parameters 

Remarks 

EDM 

 

O. A. Abu 

Zeid [88] 

AISI D6 Tool Fatigue 

strength 

Discharge 

energy 

EDM at high discharge energy is 

more adverse to fatigue life than 

low discharge energy 

wire-

EDM 

Mohd 

Ahadlin and 

Mohd Daud 

et al [89] 

AZ61 

Magnesium 

alloy 

Fatigue 

strength 

Surface pits Fatigue life of wire-EDMed 

specimen is lower than the 

smooth specimens by 20 MPa 

EDM 

 

S. Jeelani 

and M.R. 

Collin [45] 

Inconel 718 fatigue life Cutting 

speed 

EDMed specimens show 35% 

less fatigue life as compared to 

conventionally machined 

specimens 

EDM 

 

M. Ramulu 

et. al[90] 

 

15 vol% 

SiCp/Al metal 

matrix 

composite 

Surface 

roughness, 

hardness, 

fatigue life 

EDM  Fatigue strength for EDMed 

specimens was significantly less 

(15-20%) than the polished 

specimen. 

EDM 

 

.D. Fordham 

et. al. [91] 

AISI 301 and 

Inconel 718 

Surface 

roughness, 

hardness, 

fatigue life 

EDM, 

stamping, 

laser 

cutting 

Lower fatigue life as compared 

to  other non-conventional 

techniques 

EDM 

 

Guu et. al 

[93] 

D2 tool steel Fatigue life Electrical 

parameters 

fatigue strength was decreased 

by increasing the discharge 

current and the pulse ON-time 

EDM 

 

. Guu et. al 

[94] 

AISI 52100 

steel 

Fatigue life Hard 

turning, 

grinding 

white layer formed by EDM 

caused reduction in the fatigue 

life up to 8 times 

EDM 

 

Tai et.al [34] SKD11 tool 

steel 

Fatigue life pulse 

current and 

pulse ON-

time 

discharge energy was directly 

proportional to the white layer 

thickness which is inversely 

proportional to the fatigue life 

EDM Ghanem et. 

al [95] 

tool steel Fatigue life Mechniacal 

processe 

A decrease of 35% in fatigue life 

is observed as compared to 

milled specimens. 

EDM 

 

B. Casas et. 

al [96] 

cemented 

carbide 

material 

Fatigue life EDM 

induced 

stresses 

62% decrease in the fatigue life 

than the as-machined ground 

specimen 
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2.5 COMPARISON OF EDM WITH CONVENTIONAL MACHINING PROCESSES 

In this section, the comparison of EDM with other conventional machining 

processes like milling, drilling, broaching, grinding and turning are presented in the 

perspective of surface integrity and fatigue performance. D. Welling[12] presented a 

comparison of wire EDM with broaching process that is conventionally used for the 

machining of rotating parts of jet engine made of Inconel 718 material. Grinding 

process is also evaluated for reference. It is found that SR of all considered processes 

is within the acceptable limit of turbine industry i.e less than Ra=0.8, as shown in 

Figure 2-15. Fatigue strength of broaching and wire-EDM are almost same. So, wire-

EDM process can replace broaching process successfully. While grinding process gives 

highest fatigue life.  

On the contrast, ED machining gave 30% more fatigue strength than grinding 

process when F. Klocke et. al [97] experimentally compared the fatigue strength of Ti-

6Al-4V produced by WEDM and grinding process. Turning process with hook shape 

RS may exhibit 40% more fatigue life than grinding process [94].  

 F. Ghanem et. al [95] made a comparison of metallurgical transformations and 

fatigue behavior of  tool steel alloy for EDM and milling process is presented . EDM 

produced higher SR (Ra=10 µm and Rt=100 µm) as compared to milling (Ra=5 µm 

and Rt=21 µm). WL was defined as made of three consecutive layers.  Upper layer is 

of dendritic nature, medium layer is quenched layer and third layer is transition zone. 

Carbon contents are increased in affected layer due to decomposition of dielectric liquid 

in EDM whereas no changes in composition were observed in case of milling. EDM 

generated WL have hardness four times of bulk material whereas milled surface have 

small increase in hardness than core material. Tensile residual stresses are produces in 

EDM that resulted in surface cracking.  Few cracks have a depth more than WL 

thickness. There were compressive residual stresses developed in milling process. ED 
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Machining have 35% less fatigue life than milling machining, a detailed comparison of 

these results along with some other machining process types is given in Table 2-4  

 

Figure 2-15:(a)Specimens (b) Surface roughness [12]. 

 

Figure 2-16: Comparison of residual stresses along depth for wire EDM for roughing 

and finishing, Production grinding and conventional Hard Turning [53]. 

Production grinding process produces compressive stresses at the surface but 

high tensile peak occur below the surface. Conventional hard turning generated tensile 

residual stresses at the surface but high compressive ones below 10µm, Figure 2-16 

[53]. 
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S.L. Soo et. al [98] compared the effect of milling machining with wire EDM 

by using minimum damage generator technique. At high stresses the fatigue behavior 

of both machining methods is approximately similar.  But for low stresses milling 

resulted in 12% greater fatigue life because of compressive stresses in milling machined 

specimen. Surface roughness values were 0.60 µm and 0.26 µm for WEDM and milling 

respectively. For these small roughness values, the residual stresses exhibit dominant 

influence on surface integrity. For high cycle fatigue, 50% of the residual stresses are 

relieved by thermal plastic deformations during progressive loadings.  The SN-curves 

for the two processes are shown in Figure 2-17.   

 

 

Figure 2-17: SN Curve for WEDM and Milling [98]. 
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Table 2-4: Effect of EDM on fatigue Life and comparison with conventional 

processes. 

Material Type Fatigue Test Type Run-

out 

Cycles  

Surface 

Residual 

Stress 

(MPa) 

Decrease in 

Fat. Life as 

compared 

to Ref. 

Process 

Reference 

Process 

Ref. 

X210Cr12 (Steel) Alternating 

Bending 

107 +800 50% Turning 

[95] 

40NCD16 (Steel) Rotating Bending E6 +350 50% Drilling 

S45C0.45%C 

Steel 

Rotating Bending E7  10-60% Grinding 

D20 90% WC, 7% 

Co, 3% TiTac 

(Steel) 

Rotating Bending E7  55-66% Mechanical 

Polishing 

EN 

X155CRMoV12 

(Steel) 

3 point Bending E6 +350 35% Milling 

Carbon Steel Alternating 

Bending 

E7 +220 13% Laser 

Cutting 
[99] 

Ti-6Al-2Sn-4Zr-

6Mo (Titanium 

Alloy) 

4 point Bending 

R=0.1 

1.2E7 <+100 12% Milling 

[98] 

Inconel 718 High cycle fatigue 

Bending 

5E6  2% Broaching 
[12] 

Ti6Al4V Bending Fatigue E7  30% 

increase 

Grinding 
[97] 

I.S. Jawahir et. al [100] has performed a tremendous work on the surface 

integrity produced by different machining processes with collaboration of many 

researchers from different countries. Their comparison revealed that ED machined 

surface is more critical for fatigue loading because there are highest tensile residual 

stresses and surface roughness values in this machining process, Figure 2-18.  
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Figure 2-18: (a) Residual Stresses and (b) Roughness, for various machining 

processes [100]. 

Grinding and milling processes have shown higher compressive residual 

stresses. A correlation was tried to establish by the authors between wear resistance (as 

response function) and surface roughness, hardness and residual stresses (as input 

variables) but unfortunately no clear correlation was attained.     

2.6 SURFACE TREATMENTS  

EDM causes detrimental effects on the surface of the machined component. 

These surface defects can be minimized by various processes. Tensile residual stresses 

can be converted to compressive ones by mechanical surface treatments like wire 
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brushing and polishing. These processes eliminate the crack networks from the surface 

by removing the surface material. By these surface treatments, an improvement of about 

70% in fatigue life of EDMed surface and 30% in milling surfaces was observed. Wire 

brushing after EDM enhances the cracks distribution till some certain depth which 

could be overcome by mechanical polishing by using abrasive paste [30]. 

Y.H. Guu and H. Hocheng [93] presented the effect of TiN coating of  the ED 

machined surfaces for D2 tool steel. As EDM damages the fatigue life because of the 

presence of surface micro cracks and tensile residual stresses. TiN coating on the 

surface has good adhesion and hardness. By deposition of its layer, the Surface tensile 

residual stresses are changed into compressive stresses and surface defects are 

mitigated. Due to which, endurance limit of the coated component can be improved by 

11–30%. 

 

 
                  (a)              (b) 

Figure 2-19: a) EDM Machined surface b) EDM+TIN Coated [93]. 

L. Llanes et. al [101] studied the effect of surface treatments on fatigue life of 

electric EDMed surface of fine grained WC with 10% volume of Co. Thermo-

mechanical and hard material coatings by vapor deposition methods are effective for 

fatigue life improvements of the EDMed components. But, the combination of both 

techniques is adopted in their work and it is seen that this technique is helpful to attain 

the defects free surface.  B. Casas et. al [96] determined that residual stresses causes 

addition in the mean load ratio acting on the component and are harmful to their fatigue 
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life. Residual stresses are removed by annealing process that caused an improvement 

in the fatigue life. Sasan Khalaj Amineh et. al [102] used magnetic abrasive particles 

to erode white layer from the internal surfaces. These magnetic particles are controlled 

by magnetic force by external rotating magnetic poles. Surface finish was found to be 

directly proportional to the speed of abrasive particles and inversely related to the mesh 

size of the abrasive particles as shown in Figure 2-20.   

 

 
a) Before blasting    b) After blasting 

Figure 2-20: Micro blasting of WC-Co composite [102]. 

Karina S. S. Lopes et al [103] studied the effect of cutting parameters on AISI 

4140 steel. Stair-case method is used for the determination of fatigue life. It is found 

that SR has more influence on fatigue life as compared to other machining parameters. 

But this change in endurance limit could not be completely anticipated with the help of 

any single parameter.  
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Table 2-5: Effect of surface treatments after EDM.  

Surface treatment Material Improvement in the 

response factor 

Ref. 

Mechanical  

Wire brushing, polishing 

Tool Steel Fatigue life 

Up to +70% 

 

[30] 

Shot peening Inconel 718 

 

Roughness 

Up to -22% 

[30] 

S45C Fatigue strength  

Up to 12% 

[99] 

AISI 301 &Inconel 

718 

Fatigue strength  

Up to 12% 

[91] 

Coating TiN D2 tool steel Endurance limit 

Up to 30%  

[93] 

Heat Treatment annealing 

Stress relieving 

S45C 

AISI 4140 steel 

Hardness 

Up to -5% 

-23% 

[30] 

 

[103] 

Magnetic abrasive grinding   Aluminum alloy Hardness 

Up to -17% 

[104] 

Thermo-mechanical process (shot 

blasting, polishing and annealing) + TiN 

coating 

WC Fracture (+140%) and 

Fatigue strength (+27%) 

[101] 

Micro blasting WC-Co composite Roughness 

Up to -46% 

[105] 

Roto-peening Hardened steel 

NC10 

Roughness 

Up to -70% 

Residual stress 

converted from 

+650Mpa(ten) to -

1200Mpa( comp) 

[106] 

It was determined that the surface conditions like residual stresses, roughness 

and strain hardening have strong relation with the fatigue life and Softening by heat 

treatment of the material causes an increase in fatigue limit that was attributed to 

removal of RS from surface. Jun Qu et al [105] used the micro blasting of  ED machined 
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component of WC-Co composite with 5-12µm and 4-16µm size SiC abrasive particles. 

The thickness of the thermally damaged white layer is considerably reduced due to 

which residual stresses is decreased from 1.3 µm to 0.7 µm, Figure 2-20. Agnieszka 

Dmowska et. al [106] introduced a roto-peening of ED machined component with small 

particles of cemented carbide of 1mm size can improve the surface layer features of 

deformed layer. This cold work treatment lowered the roughness height by 70% and 

improved the wear resistant by 300%. Effect of surface treatment after EDM machining 

and resulting improvements are presented in Table 2-5. 

  2.6.1 HYBRID PROCESSES 

Hybrid EDM processes are adopted for higher MRR and superior surface 

condition. Different processes combined with EDM are discussed.  

2.6.1.1 Vibration assisted EDM 

The flushing of the dielectric liquid have been improved by using ultrasonic 

vibrations either of electrode or workpiece. M. R. Shabgard et. al [107] used ultrasonic 

vibrations to workpiece material and observed that MRR is increased significantly but 

surface roughness and tool wear rate is also increased. Amir Abdullah et. al [108] 

compared ultrasonic EDM with pure EDM process for the machining of Cemented 

Tungsten Carbide( WC-Co) and they found that ultrasonic vibration are helpful in the 

improvement of flushing mechanism that caused reduced undesirable sparks in the 

discharge gap. Due to which, Pits and voids are eliminated from the surface of the 

machined component, Figure 2-21. The topography of the surface of the ultrasonic 

assisted EDM is compared with the pure EDM for same discharge energy. By this 

technique, the attained WLT is smaller as compared to pure ED machining.  High 

Surface hardness was observed for high discharge energy. Similar observations are also 

made by M. R. Shabgard et. al [107] for the ultrasonic vibrations assisted EDM 

machining of AISI 13 tool steel.  

http://www.hindawi.com/91478160/
http://www.hindawi.com/91478160/
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Figure 2-21: Topography of surface a) Pure EDM, b) Ultrasonic EDM [108]. 

Vineet Srivastava and Pulak M. Pandey [109] studied the surface quality of ED 

machined HSS material by ultrasonic assisted cryogenically cooled electrodes. It is 

found that this method significantly decreased the surface roughness of the workpiece 

and tool wear rate. Due to ultrasonic vibration the electrode acts as pump to develop 

pressure and turbulence, due to which, flushing of molten material is improved. Surface 

cracks, debris globules, pits and pock marks are visible but with less intensity and 

density. The surface micro-cracks are inspected and a prominent decrease in their size 

occur. This improvement was attributed to uniform and less RS. Cryogenic cooling of 

electrode results in smaller temperature of plasma and the dielectric liquid under the 

electrode that caused less and uniform RS.    

2.6.1.2 Powder mixed EDM 

Electrically conductive powder is mixed in the dielectric liquid the insulating 

strength of the dielectric liquid is reduced that increases the gap between tool electrode 

and workpiece [63]. Thus stable and uniform spark occurs between the surfaces of 

workpiece and tool electrode. MRR improves and tool wear rate reduces. WLT reduces 

and has less surface cracks and better surface finish. Hybrid machining process of EDM 

machining assisted with ultrasonic vibration and powder mixed dielectric if 

investigated can provide more better results[110]. Kun Ling Wu et. al [111] introduced 
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surfactant (arsenic) in kerosene oil to disperse Aluminum powder for the ED machining 

of SKD steel and 60% improvement in surface roughness is achieved along with 

considerable reduction in WLT. 

2.6.1.3 EDM/ECM mixed process 

W. Theisen et. al [112] characterized the surface of Ni-Ti shape memory alloy 

after micro ED machining. The microstructure of the surface contains cracks, shallows 

and precipitation after machining. Cracks are opening from the surface and penetrating 

down vertically into the material. Surface defects are removed by electro chemical 

polishing. Up to 14 µm of the upper surface could be removed in 8 minutes by this 

technique and it is evident from the SEM observations, Figure 2-22, that most of the 

precipitations and surface cracks are diminished by ECM polishing for five minutes. 

 

 

Figure 2-22: SEM images of NiTi after ED machining at I=2A, (a) without ECM 

polishing, (b) with ECM polishing for 5 minutes [112]. 

2.6.1.4 EDM abrasive grinding 

Sasan Khalaj Amineh et al[113] removed the recast layer RL from the EDMed 

surface of Aluminum alloy-6062 by using magnetic abrasive finishing technique. The 

resulting fresh surface was found to be free of micro-cracks, with lower roughness and 

hardness value than that of recast layer.  
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Nonconductive abrasive particle on the conductive rotating tool electrode can 

remove the white layer from the surface as shown in Figure 2-23 : Effect of abrasive 

particles bonded wheel on surface integrity[114]. Some grooves and surface defects are 

more visible at low current and disappear as the current value is increased [114]. 

 

Figure 2-23: Effect of abrasive particles bonded wheel on surface integrity[114]. 

Yan-cherng LIN et. al. [115]  used the hybrid process of abrasive jet machining 

and EDM. The impingement of high velocity abrasive particle during ED machining 

removes relatively high volume of molten material along with some volume of white 

layer that causes up to 46% and 32% improvement in MRR and 18% to 40% reduction 

in SR at 6A and 9A respectively. 

2.7 EDM OF ALUMINUM ALLOYS  

Aluminium alloys remained the major structural material for military and 

commercial aircrafts for almost eighty years due to their particular mechanical 

characteristics, easiness to design, advanced inspection techniques and developed 

manufacturing methods, and will be used for some time in future [116]. The 

aluminium–copper (2000 series) alloys are the key material used in airframe structural 

applications where damage tolerance is the major design criterion. The 2xxx series 

alloys containing magnesium have higher strength because of the precipitation of 

Al2CuMg and Al2Cu phases and superior damage tolerance. These alloys have superior 

fatigue properties as compared to other aluminum alloy series. 2014 and 2024 are well 
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known examples for Al–Cu–Mg alloys.[117] The 2024-T3 remained most important 

alloys in the construction of aircraft fuselage. It has good resistance to fatigue crack 

propagation, moderate yield strength and good fracture toughness. The 2024 aluminium 

alloy have been used an important material for aircraft structures due to its 

exceptionally high damage tolerance and good resistance to fatigue crack growth in 

aged condition of T3. Poor yield strength and  lower fracture toughness value, restrict 

the use of this alloy in  high stress applications [118]. Excellent corrosion resistance of 

aluminium alloys is the supplementary advantage. The aluminium alloys which are 

derived for aeronautical applications offer high hardness and tensile strength, thus, the 

gap with steels is abridged [3[119]. Heat-treatable wrought aluminum alloys improve 

high specific strength due to age-hardening and have wide use for aero plane industry. 

Above all 7xxx series (Al-Zn alloys) and 2xxx series (Al-Cu alloys) are familiar for 

good strength and damage tolerance, respectively[119]. 

Aluminium alloys have several machining benefits such as outstanding 

machinability and good surface finish [120]. Reduced weight and good thermal 

conductivity compared to steels are additional features that lead to the increasing use in 

the aerospace and automotive sector and in the area of mold manufacturing [121, 122]. 

Kvackaj et al. [123] claimed that aluminum alloys are rarely investigated in literature 

for EDM machining. High thermal conductivity encourages a better minor risk of 

wrapping, workpiece accuracy, and sink marks [123]. Electrode wear rate for the ED 

machining of aluminum alloys is less than mild steel [124]. EDM of Aluminum alloys 

do not produce surface crack as in case of steel. Also there is less difference in hardness 

of the heat affected layer generated by EDM and the base material for aluminum alloys 

than steel[125].   
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2.9 DISCUSSIONS AND SUMMARY  

It can be clearly seen that hard-to-machine alloys remained the focus of most of 

the studies and only a limited literature is available for aluminum based alloys. In his 

literature review, Andrea Gatto et. al [123] emphasized the importance of high strength 

Aluminum alloys (due to age hardening) offer good corrosion resistance and hardness; 

reducing gap with steel alloys. Al-Cu alloys (2xxx series) are particularly recognized 

for best damage tolerance characteristics [116]. The fatigue strength of Al 2024 could 

be improved up to 43% by solution heat treatment followed by aging as compared to 

the as-cast material [126].   

The use of EDM in aerospace industry is increasing with the advancements in 

technology and this machining technique is replacing the conventional machining 

processes because of its intrinsic benefits like precision and accuracy, no mechanical 

contact/load and vibrations etc. The literature review could be summarized as below,  

o  EDM machining generates a damaged white layer on the surface which 

have different metallurgical characteristics than parent material. This layer 

is usually brittle, hard, excellent adhesion and has very refined grain size. 

Below this white layer is ‘Heat Affected Zone’ (HAZ), which is tempered 

area having hardness lower than the parent material. Below this HAZ, bulk 

material starts which remains unaffected in all conditions.   

o Dielectric liquid is used for flushing of the removed material and cooling of 

both workpiece and electrode. Dielectric liquids are important for surface 

characteristics as Deionized water gives good MRR but produces more 

surface cracks as compared to Kerosene oil. Due to very high localized 

temperature between electrode and workpiece, decomposition of the 

dielectric liquid take place that may affect the metallurgical characteristics 

of workpiece material.   
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o Electrode selection is important for the surface integrity of EDMed surface 

of workpiece.  Generally, in order to achieve high MRR, Cu and graphite 

tool electrodes would be a better choice for the electric discharge machining 

of tool steel and Tungsten Carbide respectively. Selection of electrode tool 

materials exhibit particular characteristics in different dielectric liquids, as 

Graphite electrode if used with deionized water generate intense cracks at 

higher values of pulse on-time. 

o Surface cracks are present on the surface of the material that extend to the 

bottom of white layer. But in rare cases, surface crack penetrate to parent 

material. Surface crack density is more dependent on pulse on-time as 

compared to pulse current. Presence of such cracks cause early failure of 

component as crack initiation life is lost 

o Conventional machining process like milling, grinding and turning etc. 

generate compressive RS that resist crack propagation and result in higher 

fatigue life, whereas, EDM causes tensile RS that triggers the crack 

propagation from surface micro cracks in the material that is subjected to 

cyclic loading.   

o Surface coatings and white layer removal techniques successfully mitigate 

the surface defects caused by EDM like surface roughness, pits and micro-

cracks etc.  

o Commonly, fatigue performance is affected by the surface quality factors 

like surface cracks, surface hardness, RS and SR.  No single factor can made 

exact prediction of fatigue life. Effect of these surface quality factor on 

fatigue life varies from one material to another. 

o Ultrasonic assisted EDM and provides better MRR, tool wear rate and 

surface topography. Also, improvement in fatigue behavior are achieved by 

this technique.    
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o A lot of literature about surface integrity after EDM machining for hard 

metal alloys like tungsten carbide, Inconel 718, Ti-6Al-4V and tool steel is 

available, but practically, difficult geometries of soft metals and light alloys 

are also machined with EDM. Less work is available in which influence of 

ED machining on light alloys like Aluminum alloy are assessed in terms of 

fatigue performance.    

o In case of micro-EDM the WLT becomes more dominant. Therefore, for 

micro machining applications, material properties of WL, like stress-strain 

diagram, should be investigated to truly understand its effects on parent 

material when subjected to static and dynamic load. 

o Single crack has less stress concentration as compared to the cumulative 

effect of multiple cracks. Any work on cumulative effect of different 

combinations of ED Med surface cracks on the fatigue performance is not 

found in literature.  

2.10 RESEARCH GAP AND MOTIVATION FOR THE STUDY 

After conducting an extensive literature review, it is identified that the use of 

EDM is increasing in the precision manufacturing industry like aerospace and 

automobile. Usually hard to cut materials are machined by EDM but light materials like 

aluminum alloys and composite materials are also attaining the attention of the 

manufacturers due to their high specific moduli.  The complex geometries such as sharp 

corners, deep squares and deep grooves etc. are easily machined by EDM with a little 

experience, skill and knowledge as compared to the conventional machining processes. 

The precision, accuracy and chances of less damages in case of the machining of 

intricate shapes are also the attractive features of EDM. The condition of the surface of 

EDMed component is vital for the service life under cyclic loadings. Many researches 

are available for the hard materials like tool steel, tungsten carbide and Ti-6Al-4V 
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alloys. In this study the aluminum alloy 2024 T6 has been selected and fatigue behavior 

of the material is evaluated for the selected machining conditions followed by the post 

machining and post fracture characterization.  
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Chapter 3 : Experimental Setup 

3.1 INTRODUCTION 

In this chapter, the composition of the material and mechanical properties are 

determined. The design and fabrication of the fixtures for both workpiece and tool 

electrode used for the successful completion of the experimentation are described. The 

electric discharge machine along with control parameters for the desired machining are 

discussed. The experimental setup for the determination of material removal rate, 

surface roughness and residual stresses are also explained. Fatigue tests are performed 

on four point rotating bending test machine. A wedge and column attachment used for 

the safety of the fractured surface. Finally, the specimen preparation procedure for 

microscope is presented.  The flow chart of this chapter is shown in Figure 3-2. 

3.2 MATERIAL   

Aluminum alloy 2024, precipitation hardened (T6) in the form of extruded rods 

of 20mm diameter was purchased, shown in Figure 3-1. This alloy is Al-Cu-Mg alloy. 

This alloy offers good machinability characteristics, surface finish and high strength. 

Aluminium / Aluminum 2024 alloy is an age-hardening and is strengthened during the 

heat treatment process 

 

 

Figure 3-1: Rods of aluminum alloy 2024 T6. 
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Figure 3-2: Flow chart of the chapter 3. 
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3.2.1 Material Properties 

The Chemical composition of the material was obtained by optical emission 

spectrometer under ASTM E 1507 standard, and are shown in Table 3-1, which show 

that Cu and Mg are the major alloying elements. 

Table 3-1: Material composition (% wt.) of Al 2024 T6.  

Element Si Fe Cu Mn Mg Zn Ni Cr 

%Wt. 0.162 0.380 4.18 0.710 1.37 0.026 0.0039 0.065 

Element Pb Sn Ti Ca P Sr V Al 

%Wt. 0.0114 0.001 0.0114 0.0002 0.001 0.0001 0.0059 93.08 

3.2.2 Mechanical Properties 

The mechanical properties of the material were obtained by hardness and tensile 

tests. The specimens for tensile tests were prepared under ASTM-E 8M-04. The 

average value of three tests for material density, hardness and tensile test data are 

provided in Table 3-2, and stress-strain diagram is shown in Figure 3-3. 

Table 3-2: Mechanical and Physical Properties of Al 2024 T6. 

Density 

(kg/m3) 

Hardness 

(HRB) 

Yield 

Strength 

(MPa) 

Ultimate 

Strength (MPa) 

Modulus of 

Elasticity 

(GPa) 

Elongation 

% 

2766 75HRB 520.68 ± 9.05 598.93±4.69 62.21±4.08 11.48±0.38 

 

 

 

Figure 3-3: Stress/Strain graph with stain rate of 0.1 mm/s. 
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3.2.3 Applications 

Al 2024 T6 alloy is used as fuselage and structure parts of aircrafts, crew 

machine products, gears and shafts, truck wheels, veterinary and orthopedic braces, 

equipment and scientific instruments and automobiles. 

3.3 FIXTURES DESIGNING AND PREPARATION 

Two types of fixtures are designed and fabricated for the desired machining on 

electrical discharge machine. 

3.3.1 Preparation of Workpiece Fixture 

A special purpose fixture is designed to machine a peripheral notch in the center 

of dog-bone specimen. This fixture is equipped with 12 volt DC motor and variable 

speed modulator to control rotation speed of workpiece. The rotation speed is kept same 

for machining of all specimen in this investigation. Guu and Hocheng [82] reported that 

the rotation speed of workpiece has significant effect on MRR and surface conditions. 

Therefore, rotation speed of the workpiece have been kept same (85 RPM) for all 

experiments. The mechanical vibrations and side loads are avoided while transmitting 

torque from motor to spindle of the fixture. Therefore, chain-and-ratchet mechanism is 

used instead gear mechanism. Using a graphical software Pro-EngineerTM , a model of 

the workpiece fixture is developed, shown in Figure 3-4 . The workpiece fixture 

installed at the machine bed in shown in Figure 3-5.  
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Figure 3-4: Workpiece fixture model.  

 

Figure 3-5: Workpiece fixture installed at EDM bed. 

Much care is demanded during machining and specimen handling as very small 

tolerance in bending is allowed. Ho and Newman et. al [1] discussed that electric spark 

is only generated at the point of minimum distance between the surface peaks of tool 
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and workpiece and Descoeudres [2] reported that this gap-distance between electrode 

and workpiece lies between 10-100 µm that depends on the amount of discharge energy. 

Therefore bending that is more than 50 µm can cause machining problems, as anode 

will touch or move too away from the specimen that will hinder the machining process. 

This bending run out is inspected by the dial-gauge for each specimen prior to ED 

machining.  

3.3.2 Tool electrode fixture 

The surface of the tool electrode also erode during EDM, which could not be 

used for machining of multiple specimens. New surface of the tool required for the 

machining of desired geometry that needs replacement of the tool electrode for 

machining of each specimen. A fixture was designed for easy and accurate installation 

of the tool electrode on EDM with less setup time. This fixture contains a V-block 

inside and a tightening screw to grip copper anode as shown in Figure 3-6. 

. 

 

Figure 3-6: Anode fixture and Tool electrode installed in the fixture.  

3.3 TOOL ELECTRODE (ANODE) 

A rod of pure copper with 12 mm diameter is used to prepare number of tool 

electrodes.  A cylindrical tool electrode with dimensions Ф10 mm x 10 mm is prepared 

by this copper rod. Its diametric size is reduced to 10 mm by turning. The longitudinal 

length is cut by wire-EDM instead of lathe.   
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3.4 ELECTRIC DISCHARGE MACHINING (EDM) 

Figure 3-7 shows the die-Sinking electric discharge machine NEUAR, M50 of 

Taiwanese origin, used for this study. The area of working bench is 630 x 360 mm. The 

generator can produce the rectangular pulses with the control parameters given in 

Table 3-3. The control panel is shown in Figure 3-7. 

 Table 3-3: Levels available for EDM, NEUAR, M50. 

Parameter Pulse-Voltage Pulse-current Pulse-ON time Pulse-Off time 

levels 110, 120 volts 3,4.5,6,9,12,15

,21,30,45 

Ampere 

1,2,4,6,8,10,15,20,30,45,60,90

,120,150,200,300,400,500,600

,700, 900,1200,1800 µs 

1,2,3,4,5,6,7,8,9,10 

,11 and 12 µs 
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Figure 3-7: Electric discharge machine used for the study. 

3.5 MATERIAL REMOVAL RATE (MRR) 

Pure copper material is used for tool electrode and machining is performed after 

workpiece and tool electrode are properly are immersed in the dielectric liquid. The 

pressurized side flushing of the dielectric liquid is supplied by the coolant nozzles. The 

specimens are weight on the digital balance before and after machining. Machining 

time is counted by a digital stop watch.  
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Figure 3-8: Experimental setup: (a) Specimen clamp design, (b) Specimen installation 

in EDM [20]. 

3.6 FATIGUE TESTING 

 Pure Bending Fatigue Testing Machine, shown is used for investigation of the 

fatigue strength. This machine is designed and made by standard GB4337-84 “method 

for rotary bending fatigue tests of metallic materials” and Standard ZBN71006-87 

“Technical conditions of pure bending fatigue testers”. The Technical Specification of 

the machine are given in Table 3-4. 

Table 3-4: Specifications of four point rotating bending machine 

Maximum bending moment 60 N.m 

Speed of motor 3000 rev/min 

Co-axial of right and left claws 0.02 mm  

Specimen Dia 12mm and 17 mm 

Maximum  length of specimen 226 mm  

Temperature in spindle box ≤ 30°C 

Counting limit 1 x 107 

Motor power 3 phases, 0.75 KW, 50Hz,  380V,  

Overall dimensions 1170 x 500 x 1220 
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Figure 3-9: 4-Point rotating bending fatigue testing machine. 

 

Figure 3-10: Schematic of the four point rotating bending fatigue testing machine. 
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The working of this apparatus is according the rotating bending principle as 

shown in Figure 3-10. Compressive and tensile stresses of equal amplitude are produced 

in each revolution of the specimen rotating in the bending axis. Specimen are prepared 

according to desired dimensions. A set of specimen are tested at different load levels to 

investigate the fatigue strength. 

 Wedge and column attachment 

It was observed on 4-point rotating bending machine that the fractured surfaces 

were damaged by the rubbing of both ends with each other resulting in the loss of 

fractographic data. In order to protect the fractured surfaces, a purpose built wedge-

column mechanism was designed, as shown in Figure 3-11 (a), which was attached with 

4-point rotating bending machine to maintain a small gap between the fractured ends 

after failure. The gap between wedge and column was adjusted in such way that the test 

specimen remained unaffected in the running condition and after fracture the both ends 

of the specimen remained separate from each other. Both scenarios are shown in 

Figure 3-11 (b). 

  

(a) (b) 

Figure 3-11: Wedge and column attachment; (a) before fracture, (b) after fracture. 

3.7 MICROSCOPY 

Field-emission scanning electron microscope (SEM), MIRA 3 XMU, 

TESCAN, of USA origin, shown in Figure 3-12, is used for surface morphology, cross-

Gap 
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sectional observations, energy dispersive spectroscopy (EDS) and fractography. Dry 

nitrogen gas is used to evacuate air completely from the chamber. Accelerating voltage 

of 10 KV is used for SEM analysis and 20 KV for EDS analysis.  

 

 

Figure 3-12: Field Emission Scanning Electron Microscope (SEM). 

 

Figure 3-13: Digital metallurgical Microscope. 
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Figure 3-14: Marking of the specimens. 

Detailed cross-sectional study of the EDMed specimen was carried out on a 

digital metallurgical microscope (Figure 3-13). After preparation of the electric 

discharge machined surface, the fatigue test is immediately started. Preparation of fresh 

specimen by EDM for fatigue testing remained the practice throughout this study. The 

specimen is marked after fatigue failure with the permanent ink marker. The marking 

is performed at least four positions before the both sides are bind with a tap as shown 

in Figure 3-14. Then the specimens are stored in air tight packing and this operation is 

performed with care so that the fractured surface of the specimens could not be 

damaged.  

 

3.8 SURFACE ROUGHNESS APPARATUS 

The surface roughness of the (round & curved) actual specimens are determined 

by digital images obtained by optical microscope. The surface roughness of the flat 

specimens are obtained by using Stylus profilometer Mitutoyo SJ 410, as shown in 

Figure 3-15. 
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Figure 3-15: Surface roughness profilometer. 

3.9 RESIDUAL STRESS APPARATUS 

The most commonly used technique for measuring residual stresses is the hole-

drilling strain gage method defined in the standard E837 ASTM. With this method, a 

rosette made up of three specially configured strain gauges is bonded to the surface of 

the specimen, and shallow hole is drilled through the rosette center. As stresses are 

relaxed by hole drilling, the local difference in the strain are measures and the residual 

stresses are computed mathematically from these measurements. Detailed discussion of 

the theory and application of this technique are presented in Micro-Measurements Tech 

Note TN-503 [127].  

The residual stresses are determined by hole drill method by using RS 200 hole 

drill apparatus along with data-logger (P 3500 strain indicator). The equipment used for 

the purpose is shown in Figure 3-16. 
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.

 

Figure 3-16: Hole drill apparatus and data logger. 

The residual stresses are determined by hole drill method by using RS 200 hole 

drill apparatus along with data-logger (P 3500 strain indicator).  

3.10 SUMMARY 

In the start of this chapter, the chemical and tensile properties of the selected 

material are determined experimentally. To accomplish the desired machining by EDM 

on the dog-bone specimen, workpiece and electrode fixtures are fabricated. The 

workpiece is designed to rotate the specimen about longitudinal axis during machine. 

The electrode fixture grips small copper anodes of cylindrical shapes and allows easy 

and quick replacement of the anode.  The electric discharge machine used throughout 

the study is introduced. The workpiece fixture is clamped on the EDM bed so that the 

machining of the workpiece could be performed submerged in the dielectric liquid.  The 
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experimental setup used for the determination of material removal rate is described. A 

U-shape clamp is used for workpiece gripping during EDM. The principle and 

specification of four point rotating bending fatigue testing machine are discussed. In 

order to save the fractured ends from rubbing with each other after the failure of the test 

specimen on fatigue testing machine, a wedge and column attachment is fabricated. 

This attachment keeps away the fractured ends after failure. Finally the scanning 

electron microscope and optical microscope are described which are used for surface 

morphology, white layer thickness and surface roughness. SEM is field emission and 

dry nitrogen is filled in the chamber. This machine is also equipped with EDS unit by 

which the material composition of the selected portion could be found. The optical 

metallurgical microscope is equipped with variety of optical lens providing 

magnifications from 50x to 1000x.    The apparatus used for the determination of surface 

roughness of the flat specimen prepared at the same discharge current values is detailed. 

The cut-off length of 0.8mm is selected. The RS-200 hole drill apparatus is used for the 

determination of the magnitude and distribution of the residual stress in the depth. A 

strain gauge rosette is bonded on the surface of the specimen which is connected with 

data logger unit (P 3500). Using a microscope and adjusting screws the true location 

for the hole is found before drilling.    
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Chapter 4 :  Experimental Procedures and Methodology 

4.1 INTRODUCTION 

In this chapter the experimentation procedures adopted for the testing and the 

methodologies to obtained desired results have been presented. After selecting the 

material of our interest, we moved on to prepare the specimen for electric discharge 

machining. These specimens are prepared by turning on NC-lathe machine. The 

procedure to prepare different sets of specimen on desired EDM setting are discussed. 

The procedure for the determination of material removal rate is given. The residual 

stress analysis by hole-drill strain gauge method is presented. The notch stress 

concentration factor Kt is found by AbaqusTM a FEM tool . The electric discharge 

machined surfaces are also characterized by optical microscope and scamming electron 

microscope. The white layer thickness by using MATLAB code from the optical 

microscope image is described. The surface roughness procedure by the digital image 

processing (DIP) is described. SEM is performed to investigate the surface morphology, 

white layer composition by EDS and fractography are carried out by SEM which are 

explained. The procedure for the microhardness testing of the white layer by Vicker 

hardness tester is described. The flow chart of this chapter is shown in Figure 4-1 
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Figure 4-1: Flow chart of chapter 4. 
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4.2 PREPARATION OF SPECIMENS 

The dog-bog shaped specimens are prepared by turning of the rods. After that 

these specimens are installed on EDM. The detail of the specimens prepared by turning 

is presented in Table 4-1.  

:  

Table 4-1: Detail of specimens prepared by conventional machining. 

Sr. no. Notch depth after conventional machining  Remarks 

01 0.8 mm Will be machined by EDM 

02 1.0 mm Will be taken as pristine 

4.2.1 Preparation of specimen on lathe machine 

Dog-bone shaped specimens of 12 mm diameter and 96 mm gauge length are 

prepared on a numerical control (NC) lathe machine with a peripheral notch of 10mm 

diameter at the center of gauge length, Figure 4-2. The initial dimensions of the 

specimen and actual image of the conventionally machine specimen are shown in 

Figure 4-3 . A Carbide tip Cutting tool has been used for turning. Initially rough and 

then finish cutting is performed with machining parameters as mentioned in Table 4-2. 

.  

 

Figure 4-2: Specimen preparation by conventional machining. 
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Table 4-2: NC-lathe machining parameters. 

Machining RPM Feed (mm/s) Depth of Cut (mm) Tool nose radius (mm) 

Rough 1000 0.12 1 0.5 

Finish 1200 0.08 0.2 0.2 

 

 

 
(a) 

 

 
 

(b) 

Figure 4-3: (a) Initial dimensions (mm) of dog-bone specimen, (b) Dog-bone 

specimen. 

4.2.2 Preparation of specimen on EDM 

Die-Sinking electric discharge machine (NEUAR) of Taiwanese origin is used 

for this study. After preparing the notched-dog-bone specimens by the turning 

operation, ED machining is performed at the surface of notch so that its depth will 

increase to 1mm. A rotating fixture is used for this purpose, Figure 4-4. As the diameter 

of notch and tool anode is same so no change will occur in notch diameter. EDMed 

surface is shown along with copper tool electrode in Figure 4-5. Five sets of specimen 

are prepared for five discharge current levels, where each set consists of 21 specimens. 
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All other parameters are kept constant except discharge current. Anode is lowered down 

consistently and is not lifted up until the desired depth is attained. The industrial grade 

kerosene oil is used as dielectric fluid with no side-flushing. The parameters which are 

kept constant throughout this investigation are given in the Table 4-3. 

Table 4-3: Constant parameters for EDM.  

Constant 

Parameter 

Voltage ON 

time 

Off 

Time 

QUP QDOWN Gape Polarity Workpiece 

rotation speed 

Value 110 V 60 μs 4 μs 0ff 0ff 5 Positive 85 rpm 

 

 

 

 

Figure 4-4: Electric discharge machining of the workpiece specimen. 
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Figure 4-5: ED machined surface and cylindrical electrode of copper material.  

4.3 DETERMINATION OF NOTCH CONCENTRATION FACTOR 𝑲𝒕  

FEA software AbaqusTM 6.10 was used to determine the maximum bending 

stress. The dimensions provided to the model are same as Figure 4-3 except notch depth 

which is 1mm. In order to determine the notch concentration factor, any load could be 

assumed. But, here 100N load was assumed. Four point bending conditions were 

applied in the model. For the assumed load (Q) of 100N, the magnitude of maximum 

bending stresses is 77.8 N/m2, Figure 4-6 that have been generated at the root of notch. 

The value of maximum bending Stresses (𝜎𝑏) for un-notched specimen is 

obtained by, 

𝜎𝑏 =
32𝑀

𝜋𝑑3
                                                      (4.1) 

Where, M is the bending moment and (d) is the root diameter of the notch, so  

𝜎𝑏 = 66.24 N/𝑚
2 

The stress concentration factor ‘𝐾𝑡’ is defined as,  

 

Copper Anode 

Workpiece  

EDMed surface 
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𝐾𝑡 =
𝑀𝑎𝑥. 𝑆𝑡𝑟𝑒𝑠𝑠 𝑤𝑖𝑡ℎ 𝑛𝑜𝑡𝑐ℎ

𝑀𝑎𝑥. 𝑆𝑡𝑟𝑒𝑠𝑠 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑛𝑜𝑡𝑐ℎ
                (4.2) 

The calculated value of stress intensity factor Kt is 1.18 which is also verified 

by the  empirical data[128]. 

 

 

(a) 

 

 

(b) 

Figure 4-6: Stress concentration at the notch (a) bent specimen, (b) Stress zones. 

77.8 
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4.4 FATIGUE TESTING AND DETERMINATION OF SN-CURVES 

To investigate the fatigue life of EDMed specimens, a series of the experiments 

were performed on the 4-point rotating bending machine, model PQ-06, of China 

origin. The rated rotation speed of the apparatus was 3000 rpm (50Hz). Details of 

experiment to establish SN curves (only) is presented under Table 4-4. Under ASTM 

standard E 739[129, 130] recommendations, seven load levels were decided with 

replication of three tests at each level. For reliable results 21 specimens are tested with 

67 percent replication level. The fundamental beam theory was used to calculate the 

magnitude of the alternating stress in the un-notched specimen after load application.  

 
𝜎

𝐶
=
𝑀

𝐼
                                                   (4.3) 

Where 

𝜎 = Applied stress (MPa)  

𝑄 = Applied Load (N)  

C = Distance from neutral axis at which stresses are being calculated = 
𝐷

2
 (mm) 

M = Moment of the load (N-mm) 

I = moment of inertia = 
𝜋

64
∗ 𝐷4  (mm4) 

Substituting all values in the equation (3), 

 

𝜎

𝐷
2

=
𝑄 ∗
𝑙
2

𝜋
64 ∗ 𝐷

4
 

 

Solving this equation for σ and substituting the value of l = 100 mm, we get, 

 

𝜎 =
𝑄(𝑁) ∗ 50(𝑚𝑚) ∗ 32

𝜋𝐷3 (𝑚𝑚3)
 

 

𝜎 =
509.55 𝑄

𝐷3
(
𝑁

𝑚𝑚2
)                                         (4.4) 
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The units of the stress are Nmm-2 from the above equation. 

The alternating stress for the notched specimen 

𝜎𝑁𝑜𝑡𝑐ℎ𝑒𝑑 = 𝐾𝑡 × 𝜎𝑢𝑛−𝑛𝑜𝑡𝑐ℎ𝑒𝑑                               (4.5) 

Fatigue life is probabilistic in nature that shows scatter in the results, even if 

similar conditions are applied, therefore, each point on the SN curve was verified by 

three tests and is representing the average value of the these tests. For each discharge 

current level complete SN curve is plotted by the test results of 21 fatigue experiments. 

Another SN-curve was plotted for traditionally machined specimens. (Comparison 

purposes). 

Table 4-4: Details of experiment for establishing SN curves. 

Description Current 

Levels 

load steps for 

SN curve 

Iterations at 

each load 

No. of specimen 

tested 

SN curve EDM 5 7 3 105 

SN curve Pristine 1 7 3 21 

4.4.1 Determination of confidence limit for SN data 

According to the ASTM standard E-739 [129, 130], a linear mathematical model for 

the analysis of the fatigue life SN data is given by 

𝑋 = 𝑏 − 𝑎𝑌                                                                                       (4.6) 

Here  𝑋 = log𝑁 

𝑌 = 𝑆 𝑜𝑟 𝑙𝑜𝑔𝑆 

“a” and “b” are the constants, The estimated mean SN-curve for the population 

is given by, 



 88 

  

 

Where 

 

Where “𝑛” is the total number of data points, estimated standard deviation of 

the population is  

 

 

The lower tolerance limit of the data for the failure probability “𝑝” with the 

confidence limit of “ 1 − 𝛼” at degree of freedom “𝜗 “ 

 

(4.7) 

(4.8) 

(4.9) 

(4.14) 
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Where  𝑘(𝑝, 1 − 𝛼, 𝜗) is the coefficient for one sided tolerance limit for normal 

distribution at the degree of freedom same as taken from the estimation of standard 

deviation. The linear model could not be used if  

 

Where  

 

Where "𝑚𝑖" is the number of specimens tested at each stress level, "𝑆𝑖" is the 

stress level, and "𝑋𝑖𝑗" is the data obtained at the 𝑖th stress level for 𝑗th specimen 

 

4.4.2 Determination of endurance limit 

Staircase Method 

Fatigue limit of the specimens was obtained by using staircase (up and down) 

method [131-133]. In this method, the fatigue limit is calculated by testing 15 

specimens. The load step (increment or decrement) was kept constant close to estimated 

standard deviations. The first experiment was performed at the stress level slightly 

above the estimated fatigue limit until specimen was broke or ran-out. As run-out 

criteria, 1x107 cycles were chosen. Experiment was stopped if the specimen either was 

failed or was run-out. In case of failure prior to run-out criterion, the stress level for the 

next test was decreased by a pre-defined amount. But if the specimen did not fail until 

run-out criterion, the stress level for the next test was increased by same pre-defined 

(4.10) 
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amount. In the similar manner, the stress level for next specimen was decided based on 

the result of its previous test. Statistical analysis of the obtained data was performed 

according to [132] using Dixon-&-Mood method [132, 134]. By this method the 

equations to estimate the mean “𝜇𝑆𝑒” and standard deviation “𝜎𝑆𝑒” of fatigue strength 

by following Gaussian (normal) distribution are 

𝜇𝑆𝑒 = 𝑆𝑖=0 + 𝑑 (
∑ 𝑖𝑓𝑖
𝑙
𝑖=0

∑ 𝑓𝑖
𝑙
𝑖=0

±
1

2
)                                       (4.11) 

+1/2 will be used if failure is the least event and -1/2 will be used if runout is 

the least event. 

𝜎𝑆𝑒 = 1.62𝑑 (
∑ 𝑖𝑓𝑖
𝑙
𝑖=0

(∑ 𝑓𝑖
𝑙
𝑖=0 )

2 + 0.029)                                  (4.12) 

 Above equations are valid only if  

∑ 𝑖𝑓𝑖
𝑙
𝑖=0

(∑ 𝑓𝑖
𝑙
𝑖=0 )

2 > 0.3 

In the above equations, “𝑑” is the step size (increment or decrement in stress 

level), the subscript ‘‘𝑖’’ is an integer representing stress level and ‘𝑙’ is the highest 

stress level in the staircase data, while “𝑓𝑖” is the number of failure or runout specimens 

at the level “𝑖”, depending upon least frequent event either failure or runout. Because 

of the limited number of performed tests and inherent error in the calculation of the 

standard deviation, consideration was given to mean value. Also under assumption of 

normal distribution of data scatter, the lower limit at the probability of failure “𝑝” for 

the population at confidence level of 1- 𝛼 is obtained by following equation 

𝑆𝑒(𝑝, 1 − 𝛼) = 𝜇𝑆𝑒 − 𝑘(𝑝, 1 − 𝛼, 𝜗)𝜎𝑆𝑒      (4.13) 

Where coefficient k is the one sided tolerance limit for normal distribution and 

is given in [135] . The number “𝜗” is the degree of freedom related to least frequent 

events. 
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4.5 DETERMINATION OF MATERIAL REMOVAL RATE (MRR) 

The cylindrical specimens of 20 x 20 are used that are fixed on the bed of EDM 

with a fork-type clamp. Side flushing of the hydro-carbon based kerosene oil was 

provided with the pressure of 0.9 kg/cm2. The machining was performed at varying 

current levels of 3, 4.5, 6, 9, and 12 Amperes. The other constant parameters are 

presented in Table 4-5. 

 Table 4-5: Constant parameters for EDM. 

Parameter ON time Off Time Voltage Gape Polarity Dielectric 

Level value 60μs 4μs 110V 5 Positive Kerosene oil 

 

A digital balance with a resolution of 0.1 mg was used for weighing the 

specimen before and after machining. Machining time was observed by a digital 

stopwatch. The MRR in mm3/min was determined by the relation by 

 

𝑀𝑅𝑅(𝑚𝑚3/𝑚𝑖𝑛) =
𝑚1 −𝑚2
𝑡𝑚. 𝜌

 

 

Where  

m1 = Mass (gram) of the material before machining, 

m2 = Mass (gram) of the material after machining, 

tm = Machining time (minute) and  

ρ = Density of the material (gram / mm3) 

4.6. SPECIMEN PREPARATION FOR OPTICAL MICROSCOPY 

The optical microscope images are used for the determinations of white layer 

thickness, surface roughness and mirohardness. 

The procedure for the preparation of the specimens for optical microscopy are 

presented in Table 4-6. For optical microscopy, EDMed specimens were sectioned at 

the notch center. Oil and carbon contents deposited on EDMed surfaces were removed 

(4.14) 
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by placing the acetone immersed specimens in an ultrasonic chamber for 5-10 minutes. 

Then each piece is placed in the center of small portion of aluminum pipe. Aluminum 

foil was used to avoid any leakage of the epoxy. Then Epoxy is poured into the gap 

between specimen and pipe. This solution is allowed to dry completely in sunshine or 

open air. After epoxy got harden, grinding is performed by emery papers with grit sizes 

# 350, 600, 1000, 1200, and 2000. Water was used as lubricant on the emery papers. 

The mirror like finish was obtained by polishing softly on the buffing paper. The 

abrasive diamond paste of 1 micron with few water drops was applied on the buffing 

paper. The black sticky paste on the surface was cleaned by using acetone. The chemical 

etching of the polished specimens was performed by diluted HF solution for 40 seconds. 

The solution is toxic, therefore, precautionary measures were adopted. The specimens 

were rinsed with the running water and dried in the open air after etching.  
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Table 4-6: Procedure steps for preparation of the samples for optical microscopy. 

Procedure 

steps 
Figurs Description 

01 

 

The EDMed specimen 

is used for the 

microscopy 

 

 

 

 

 

 

02 

 

The specimen is 

sectioned at the three 

position as indicated 

by Figure. Too much 

care is required so that 

the EDMed surface 

should not damage. 

03 

 

Two samples of same 

size are formed after 

sectioning as shown in 

the Figure. 

04 

 

The sample is placed in 

aluminum ring and 

epoxy is filled and 

dried. 

 

05 

 

This prepared sample 

is grinded by the emery 

paper, polished and 

etched by diluted HF 

solution. 

4.7 SPECIMEN PREPARATION FOR SEM 

The scanning electron microscope (SEM) is used to study the surface 

morphology, white layer cross-section and the fractured surfaces. 

Aluminum foil 

Sectioned sample piece  

Aluminum 

pipe  

Epoxy 
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The procedure for the specimen preparation for SEM is described in Table 4-7. 

Surface morphology, white layer characteristics and fractographic observations were 

performed on the field-emission scanning electron microscope (SEM).  

Table 4-7: Procedure steps for the specimen preparation for SEM. 

Procedure 

Steps 
Figures Description 

01 

 

After fracture of the tested 

specimen, the specimen are 

marked and 

 

02 

 

The fractured ends (cup and 

cone) are separated from 

rest part of the specimen. 

03 

 

The cup side is sliced into 

two pieces. This operation is 

done with care so that the 

EDMed surface should not 

be damaged. 

04 

 

The surface of the sliced 

pieces is grinded and 

polished. The polished 

surface is etched by diluted 

HF solution for clear 

observation of the white 

layer and surface 

conditions. 

05 

 

The surface of the machined 

surface is observed for 

surface morphology. 
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For fractography, the fractured ends of 12 mm were separated from the rest of 

specimen material. Resin (nitrocellulose) was coated on the fractured surface to protect 

it from environmental effects. In order to observe white layer completely, cup side was 

sectioned longitudinally in two halves. The surface of the obtained half pieces is 

polished with emery papers and buffing stuff as described above. The white layer was 

tangentially observed at the EDMed surface by scanning electron microscope. 

Fractographic observations were performed on cone side in order to identify the nature 

of fracture and crack initiation cites.  

4.8 WHITE LAYER COMPOSITION 

The energy dispersive spectroscopy (EDS) was performed on SEM. 

Accelerating voltage of 20KV was used for this analysis. In this analysis all elements 

in the white layer were computed in percent weight and percent atomic mass, by using 

five iterations.  

4.9 DETERMINATION OF SURFACE ROUGHNESS 

 

 

Figure 4-7: Procedure for surface roughness determination.  

Surface Roughness 

Surface Roughness of 

Flat specimens by DIP 

Surface Roughness 

of Flat specimens by 

Stylus Profilometer 

Comparison  

Surface Roughness of 

actual (Round & Curved) 

specimens by DIP method 

Comparison  

Validation 
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The procedure for the determination of surface roughness is explained by a 

schematic diagram shown in Figure 4-7. The EDMed surface is curved in both 

longitudinal and transverse axis. Surface roughness of these specimens is found by 

digital image analysis (DIP). Many researches are available indicating that DIP 

methods could be used for the determination of surface roughness parameters and 

profiles [136]. The DIP method used in current study involves a software “Enguage 

DigitisorTM” to digitize the surface profile. The validity of this methodology is checked 

by comparing this method with conventional profilometer method for same flat 

specimens. The cylindrical specimen with flat top surface are prepared at five discharge 

current levels. Initially surface roughness of all specimens is determined by Stylus 

Profilometer SJ-410. Five reading from each specimen are obtained.  The values of 

roughness parameters Ra, Rq, Rz and Rt are obtained by this method. However, the 

comparison of Ra values will be performed to check the effectiveness of DIP method.   

Determination of surface roughness by DIP method 

The schematic for the determination of surface roughness by digital image 

processing tool is shown in   Figure 4-8. Cylindrical specimens with flat surface are 

then sectioned longitudinally and are prepared for optical microscopy. Up to ten 

successive images are obtained from each specimen at the magnification of 200x.  Each 

image is processed separately by “Enguage DigitizerTM” a digitizing software tool.   
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Figure 4-8: Schematic for the determination of surface roughness by DIP. 

  

Figure 4-9: Marking of surface by equally spaced point along horizontal axis. 

Specimen Preparation 

Data Compilation  

𝑅𝑎 =
1

𝑛
  𝑦𝑖 −𝑚 

𝑛

𝑖=1

 

Digital Image analysis 

 Import image 

 Scaling & selection 

of reference axis  

 Marking of surface  

 Measuring 

 Export data 

Optical Microscopy 
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After proper scaling and selection of the reference axis, Surface marking is done 

in such a way that horizontal spacing between all marks remain same. The approximate 

spacing of 5 µm is selected which is close to the tip size of the Stylus Profilometer. The 

distance of the marked points on the surface is measured and the data is exported to a 

data file. This compiled data is then processed numerically using Equation 4.15. 

 

𝑅𝑎 =
1

𝑛
  𝑦𝑖 −𝑚 

𝑛

𝑖=1

                      (4.15) 

Where    

𝑦𝑖 = height of crest/trough from reference line 

m = height of mean line from reference line 

n = total no. of data points 

4.10 DETERMINATION OF WHITE LAYER THICKNESS 

White layer thickness is not uniformly distributed on the EDMed surface of the 

specimen therefore it is obtained by considering all surface area of the white layer. 

Exact surface area of WL is well distinguished by the optical microscope as compared 

to the SEM, as background of the obtained image get fade by optical microscope due 

to its small depth of field. A MATLAB code is developed for determining the average 

white layer thickness (AWLT) from image and is given in Figure 4-10.  
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Figure 4-10: MATLAB code for determination of AWLT. 

The basic steps of MATLAB program for the determination of AWLT from an 

image are  

 Distinguish WL from the base material 

 Read image containing only WL 

 Convert three plane color image to single plane grey image  

 Count the ratio of pixels of WL to the total number of pixels on whole 

image 

 Measure pixels size and WL length by an external computer application 

 Determination of AWLT by  a simple relation, as given below, 

 

𝐴𝑊𝐿𝑇 =
Number of pixels in WL ∗ unit pixel area

WL length
                     (4.16) 

4.11 MICROHARDNESS TESTS 

The microhardness tests were performed on the specimens prepared for optical 

microscopy. Vickers hardness testing machine was used to study the microhardness of 

white layers formed at 3, 6 , 9 and 12 amperes discharge current levels.  

 

clc 
[a]=imgetfile(); 
I=imread(a);        %reading RGB colour image 
I=rgb2gray(I);  %converting image into grayscale image 
imshow(I)       %show input image 
u=~(I==255);    % 
required_pixel=sum(u(:)) %counting the no. of pixels in the area 

underconsideraion. 
[x,y]=size(I);       
total_pixels=x*y 
unit_pixel_area=0.0308; 
Required_area=unit_pixel_area*required_pixel 
lenght_of_area=1876.3*.175;  %lenght of the required  area is 

624*0484 micro meter 
thickness_of_white_layer=Required_area/lenght_of_area 
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Figure 4-11: The geometry of the micro hardness ident. 

A load of 25mg was applied and its dwell time was 10 seconds. Minimum gap 

between two nearest indentation positions was kept 3-5µm. In the white layer region of 

each sample, total number of ten observations are taken. The geometry of the micro 

hardness ident is shown in Figure 4-11. After determination of the diagonal values, the 

hardness is computed by the relation, 

𝐻𝑉 =
1854.4 × 𝐹

𝑑2
                                              (4.17) 

Where 𝑃 is the load in grams and  

𝑑 =
𝑑1 + 𝑑2
2
                                                            (4.18) 

4.12 DETERMINATION OF RESIDUAL STRESSES 

The magnitude and distribution of the residual stresses below the surface was 

determined by using hole drilling method RS-200 [127]. The measurement of the 

residual stress by this method in accordance with the standard ASTM E 837 [137] 

consists of the following steps: 
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 A special strain gage rosette (three grids) as shown in Figure 4-12 is bonded at 

the point where residual stresses are to be determined. 

 

 

 

 

 

 

 

Figure 4-12: Special strain gage rosette (three grids). 

 Each grid is connected to a switch-and-balance unit and strain indicator.  

 The RS-200 Milling Guide, shown in Figure 4-13, centered over the rosette.  

 A precision hole is introduced at the center of rosette. The ratio of the drilled 

hole diameter (Do) to that of the gage circle (D) should be in the range of 0.3–

0.5 and the depth of the drilled blind hole should be equal to 0.4D, A precision 

hole is introduced at the center of rosette as shown in Figure 4-13 and after 

drilling hole to the desired depth the readings of the relaxed strain (residual 

strains) are recorded.  

 Finally, residual stresses are computed according to the theoretical treatments.  
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Figure 4-13: Hole-drilling through the center of the rosette. 

Three readings were noted from the strain indicator for each depth setting. After 

taking the three strain values (), the principal stresses and their directions were 

computed by applying the following equations [138] 
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In which  is the angle of the maximum residual stress from gauge number 1, 

A and B are materials constants which can be determined from the following equations: 

                                                   a
E

v
A

2

1
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                                                    b
E

B
2

1
  

Where: “a” and “b” are reduction coefficients, “v” is Poisson’s ratio and E” is 

elastic modulus.  The coefficients “a” and “b” can be determine from ASTM standard 

E 837 [137].  

In first step hole is drilled till the depth of 25mm. Due to material removal 

stresses are relieved and are measured by the three strain gauges in the form of ε1, ε2, 

and ε3. Then residual stresses are computed mathematically from these strain values. 

Again the depth of hole is increase to 50mm with the increment of 25mm and residual 

stresses are computed. In the similar fashion, residual stresses are determined for the 

depth of 75 mm, 100 mm, 125mm, and finally at 150 mm. This procedure is repeated 

for each specimen prepared at each investigated discharge current and a conventionally 

turned specimen.   

4.13 SUMMARY 

This chapter is focused on the procedures by which the apparatus is used and 

how obtained data is compiled. Initially the rods of aluminum alloy 2024-T6 are turned 

on NC-lathe. Dog-bone shaped specimens with central peripheral notch are machined. 

Two different notch depths of 0.8 mm and 1 mm are obtained. The specimens with the 

notch depth of 1mm are called pristine material and are representative of turning 

machine. However, the specimens with notch depth of 0.8 mm are further machined by 

EDM. The EDM is performed using five different discharge current levels which are 

usually used for finish machining. The selected discharge current levels used for current 

investigation are 3, 4.5, 6, 9, and 12 amperes. The other parameters are kept constant 

throughout the study. Stress concentration factor of the notch is found using FEA 

software AbaqusTM 6.10. According to ASTM standard E 739, for data reliability 
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conditions, 21 experiments are decided to establish a SN curve for each discharge 

current level. Therefore seven stress levels with three iteration are decided which has 

the iterations level of 67%.. Under the same ASTM standard a linearized mathematical 

is used to establish confidence limits of the SN-curve data. The fatigue endurance limits 

are determined using staircase method for the investigated discharge current levels as 

well as the turned (conventionally machined) specimens.  

After performing fatigue tests, to find out the reason for the change in the fatigue 

performance for different discharge current levels as well as the turned specimens, the 

EDMed surface generated at different discharge current levels and conventional 

machining is characterized. This characterization is carried out in terms of metallurgical 

changes, surface roughness, white layer thickness, micro-hardness and residual 

stresses. The material removal rate is the functions of thermal energy, therefore, the 

effect of different discharge current values on the MRR is determined first. In order to 

determine MRR, before and after the machining process, the difference in the masses 

and total machining time are found.  Then the chemical composition of the EDMed 

surface is determined by EDS for all discharge current level. The thickness of the white 

layer is irregular, therefore, a MATLAB code is established to determine the true 

average value of the WLT. The surface roughness is determined by using digital image 

processing (DIP) method.  As the machined surface of the actual specimen used for 

fatigue testing has steep curved and round surface, for which, the conventional Stylus 

profilometer could not give accurate results. However, the DIP method is compared 

with the Stylus profilometer using flat surface specimen for both methods. The 

microhardness tests are performed on the Vicker hardness tester. A load of 25 mg is 

applied for the dwell time of 10 seconds. All tests are performed in the white layer 

region by maintaining 3-5 microns difference between neighboring indents. Magnitude 

and distributions of the residual stresses in the depth of the surface are found out using 

Hole-drill method. A RS-200 milling guide and three grid strain gauge rosette is used. 
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The residual stresses are measured for the investigated five discharge current levels and 

the turned specimens.       
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Chapter 5 :  Results and Discussions 

5.1 INTRODUCTION 

In this chapter the results for effects of discharge current on material removal 

rate, surface characteristics and fatigue performance are presented. The results for the 

effect of discharge current on material removal rate are presented. Surface roughness 

of the flat specimen is found with the help of stylus profilometer and the roughness 

evaluating parameters (Ra, Rq, Rz and Rt) are determined. Arithmetic mean surface 

roughness Ra is also evaluated by a digital image processing technique. The results are 

compared with the conventionally used stylus profilometer. After validation the DIP 

method is applied for the actual specimens which are round and curved. The surface 

morphology at different discharge current level is obtained by scanning electron 

microscope (SEM).  The effect on the white layer compositions are addressed in using 

energy dispersive spectrometry (EDS). The thickness of the white layer from the 

microscopic images is determined using MATLAB code. Average microhardness of 

the white layer for the investigated discharge current level is determined.  Residual 

stresses are found for the discharge current levels and conventional turning process. 

The fatigue limits for the discharge current levels as well as the turning process are 

presented. The fatigue-life (S-N) curves are plotted. Finally the fractured surfaces are 

analyzed macroscopically as well as microscopically by SEM to investigate cause of 

failure. The flow chart of this chapter is shown in Figure 5-1. 

5.2 S-N CURVES  

The obtained data for the fatigue tests for 3, 4.5, 6, 9, 12 amperes is shown in 

Table 5-1 to Table 5-5 and in Figure 5-2 to Figure 5-6, and for the pristine specimens 

is shown in Table 5-6 and in Figure 5-7. The applied loads are 470, 390, 335, 295, 245, 

195 and 170 N. The maximum bending stress with notch is computed by using stress 

concentration factor of the notch. At each load three trials are performed 
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Figure 5-1: Flow chart of chapter 5. 
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. SN diagram for each discharge current level is drawn using test data which is 

compiled using ASTM standard E 739 . As expected there was scatter in the data, 

therefore, bands for 95% and 50% confidence intervals are drawn.  

 

Table 5-1: Fatigue tests results for 3 ampere with respect to stress levels. 

S.No

. 

Load 

'N' (Q) 

σ = 

509.3Q/(d^3) 

'N/mm2' 

Alternating 

Stress Sa= 

σxKt= 

1.18σ 

Fatigue Life (No of cycles) 

Trial#01 Trial#02 Trial #03 Mean 

1 470 239 282 15548 15495 17611 16218 

2 390 199 234 45005 43893 62514 50471 

3 335 171 201 94354 94689 92050 93698 

4 295 150 177 120753 181009 312747 204836 

5 245 125 147 589500 766103 764098 706567 

6 195 99 117 1597046 1680013 1726771 1667943 

7 170 87 102 2478388 2220880 2564057 2421108 

  

 

Figure 5-2: SN-plots at the discharge current of 3ampere.  
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Table 5-2: Fatigue tests results for 4.5A ampere with respect to stress levels. 

S.No

. 

Load 

'N' (Q) 

σ = 

509.3Q/(d^3) 

'N/mm2' 

Alternating 

Stress Sa= 

σxKt= 

1.18σ 

Fatigue Life (No of cycles) 

Trial#01 Trial#02 Trial #03 Mean 

1 470 239 282 18155 15195 14314 15888 

2 390 199 234 42853 44439 46807 44700 

3 335 171 201 90689 96793 76625 88036 

4 295 150 177 184297 142328 161392 162672 

5 245 125 147 722375 755287 570350 682671 

6 195 99 117 1206215 1664418 1117531 1329388 

7 170 87 102 1906814 1783378 2536036 2075409 

 

 

Figure 5-3: SN-plots at the discharge current of 4.5 ampere. 
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Table 5-3: Fatigue tests results for 6 ampere with respect to stress levels. 

S.No

. 

Load 

'N' (Q) 

σ = 

509.3Q/(d^3) 

'N/mm2' 

Alternating 

Stress Sa= 

σxKt= 

1.18σ 

Fatigue Life (No of cycles) 

Trial#01 Trial#02 Trial #03 Mean 

1 470 239 282 13331 15174 15958 14821 

2 390 199 234 33495 41733 41071 38766 

3 335 171 201 71124 81858 64991 72658 

4 295 150 177 191622 156197 181062 176294 

5 245 125 147 533047 514830 803615 617164 

6 195 99 117 1227803 1225468 1065600 1172957 

7 170 87 102 1854244 1781466 1492029 1709246 

 

 

 

Figure 5-4: SN-plots at the discharge current of 6 ampere. 
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Table 5-4: Fatigue tests results for 9 ampere with respect to stress levels. 

S.No

. 

Load 

'N' (Q) 

σ = 

509.3Q/(d^3) 

'N/mm2' 

Alternating 

Stress Sa= 

σxKt= 

1.18σ 

Fatigue Life (No of cycles) 

Trial#01 Trial#02 Trial #03 Mean 

1 470 239 282 12528 12833 12414 12592 

2 390 199 234 37717 42631 38447 39598 

3 335 171 201 73704 75937 75392 75011 

4 295 150 177 138919 135159 135179 136419 

5 245 125 147 499343 525041 564851 529745 

6 195 99 117 775766 971631 971631 906343 

7 170 87 102 1254057 1481354 1252458 1329290 

 

 

 

Figure 5-5: SN-plots at the discharge current of 9 ampere. 
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Table 5-5: Fatigue tests results for 12 ampere with respect to stress levels. 

S.No

. 

Load 

'N' (Q) 

σ = 

509.3Q/(d^3) 

'N/mm2' 

Alternating 

Stress Sa= 

σxKt= 

1.18σ 

Fatigue Life (No of cycles) 

Trial#01 Trial#02 Trial #03 Mean 

1 470 239 282 12579 15147 14812 14179 

2 390 199 234 35803 33385 36988 35392 

3 335 171 201 66000 64291 70005 66765 

4 295 150 177 134082 128082 138726 133630 

5 245 125 147 407045 445695 417083 423274 

6 195 99 117 703011 720067 907934 768566 

7 170 87 102 1587806 1448834 809007 1144862 

 

 

 

Figure 5-6: SN-plots at the discharge current of 12 ampere. 
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Table 5-6: Fatigue tests results for conventionally machined specimens with respect to 

stress levels. 

S.No

. 

Load 

'N' (Q) 

σ = 

509.3Q/(d^3) 

'N/mm2' 

Alternating 

Stress Sa= 

σxKt= 

1.18σ 

Fatigue Life (No of cycles) 

Trial#01 Trial#02 Trial #03 Mean 

1 470 239 282 25943 21175 28411 25176 

2 370 188 222 154583 91963 150477 132341 

3 335 171 201 131836 385020 531070 349309 

4 295 150 177 880733 577431 825172 761112 

5 245 125 147 9014267  x* x  9014267 

6 195 99 117 x  x x   

*x=Suspended 

 

 

Figure 5-7: SN-plots for pristine specimens. 
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Table 5-7: Percentage increase in fatigue strength as compared to 12 ampere 

discharge current. 

Stress/Dis. Current 3 Ampere 4.5 Ampere 6 Ampere 9 Ampere 

282 13 11 4 -13 

234 30 21 9 11 

201 29 24 8 11 

177 35 18 24 2 

147 40 38 31 20 

117 54 42 34 15 

102 53 45 33 14 

The percentage improvement in the fatigue strength as compared to 12 ampere 

discharge current level is shown in Table 5-17. The maximum improvement was 

observed at the lower stress levels for all discharge current levels that were 20% for 9 

ampere, 33% for 6 ampere, 45% for 4.5 ampere and 54% for 3 ampere. Generally it 

could be established that the improvement in the fatigue strength is more at low 

discharge current level and low alternating stress level   

 

 

Figure 5-8: Comparison of the SN curves with 75% and 95% confidence limits at the 

failure probability of 95%. 
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In Figure 5-8, the SN curves with different confident limits for the investigated 

different discharge current levels as well as the pristine material are plotted alongside. 

Two confident limits are considered for the same failure probability of 95%  and the 

confidence limits of 75% and 95 %. 

Six SN-curves are shown in Figure 5-9, where five SN curves are representing 

the investigated discharge current levels for EDM i.e. 3, 4.5, 6, 9 and 12 ampere, and 

one SN-Curve is representing traditional machining process. The comparison between 

EDM and traditional machining clearly reveals that the EDM process is deteriorating 

to the fatigue life at all stress levels regardless of the discharge current level.  

The comparison among five discharge current levels shows that the higher 

discharge current levels result comparatively lower fatigue life. The difference in 

fatigue performances for different discharge current levels is completely obvious for 

the three lowest stress levels, whereas for higher stress levels there is small difference 

in fatigue performance corresponding to different discharge current levels. At the stress 

level of 147 MPa the influence of the discharge current level is prompted which is 

increasing with the decrease of the discharge current level. Thus it could be concluded 

that the presence of white layer on the surface of EDMed specimen has little effect 

when material is subjected to higher loads, however its effect is pronounced for lower 

loads. 
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Figure 5-9: SN-curves for 3A, 4.5A, 6A, 9A, 12A and pristine material. 

The standard deviations of average fatigue lives corresponding to all discharge 

current levels at each stress level are shown in Figure 5-10. Exponential behavior of the 

standard deviation has been recorded which shows that the standard deviation of the 

fatigue response between discharge current levels is increasing exponentially with the 

decrease in applied stress.   

 

Figure 5-10: Standard deviation of fatigue life for all discharge currents Vs applied 

stress. 
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5.3 DETERMINATION OF ENDURANCE LIMIT BY STAIRCASE METHOD 

The results obtained by the fatigue tests according to stair-case method of 3 

ampere are presented in Figure 5-11. The fatigue limit at this discharge current level 

was found equal to 88.9 ± 5.1 MPa. The lower limit for 10% failure probability at 95% 

confidence level is 74.9 MPa. 

The results obtained by the fatigue tests according to stair-case method of 6 

ampere are presented in Figure 5-12. The fatigue limit at this discharge current level 

was found equal to 80.5 ± 3.9 MPa 

 

 

Figure 5-11: Fatigue tests under stair case method for 3 ampere. 

 

Figure 5-12: Fatigue tests under stair case method for 6 ampere. 
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The results obtained by the fatigue tests according to stair-case method of 9 

ampere are presented Figure 5-13. The fatigue limit at this discharge current level was 

found equal to 76.6 ± 2.9 MPa.  

 

 

Figure 5-13: Fatigue tests under stair case method for 9 ampere. 

The results obtained by the fatigue tests according to stair-case method of 12 

ampere are presented in Figure 5-14. The fatigue limit at this discharge current level 

was found equal to 73.2 ± 3.5 MPa.  

 

 

Figure 5-14: Fatigue tests under stair case method for 12 ampere. 
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discharge current values and for pristine specimen is statistically analyzed and 

presented in Table 5-8. Fatigue limits of the EDMed specimens are shown in 

Figure 5-16. The lower limits for the failure probability of 10% and 25% at the 

confident level of 50% and 95% are also determined and given in Table 5-8 and plotted 

against discharge current values in Figure 5-16.  

 

 

Figure 5-15: Fatigue tests under stair case method for pristine specimens.  

Table 5-8: Statistical analysis of the fatigue limit data. 

Discharge 

Current 

(Amp) 

Fatigue  Limit 

(MPa) ± standard 

deviation 

Lower limit of Fatigue limit (MPa) 

P10% CL50% P10% CL95% P25% CL50% P10% CL 95% 

3.0 88.9±5.1 81.1 73.2 83.4 77.1 

6.0 80.5±3.9 74.5 68.4 76.2 71.3 

9.0 76.6±2.9 72.1 67.6 73.4 69.8 

12.0 73.2±3.5 67.8 62.3 69.4 65.0 

Pristine 

Specimens 147.5±6.4 137.6 127.7 140.5 132.5 

It could be seen from Figure 5-16, that fatigue endurance limit is inversely 

proportional to the discharge current. Comparatively little variation in fatigue 

endurance limits occurred among the discharge current levels of 6 and 9 amperes.    
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Figure 5-16: Influence of discharge current on fatigue limit. 

5.4 MATERIAL REMOVAL RATE (MRR) 

Table 5-9 details the material removal rate (MRR) of the Al 2024 T6 at the 

discharge current levels of 3, 4.5, 6, 9, and 12 ampere.  

Table 5-9: MRR vs Discharge current 

Sr. No. Discharge Current (Ampere) MRR (mm3/min) 

01 3 8.15 

02 4.5 11.60 

03 6 28.38 

04 9 62.66 

05 12 91.27 

 

The empirical relation of the MRR as a function of discharge current, obtained 

from the results is   

y = -0.16x3 + 3.8441x2 - 18.145x + 31.75                             (5.1) 

Where, 
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  x = Discharge current level (ampere) 

 

  

Figure 5-17: MRR Vs discharge current level 

The MRR is found increasing with the increase in discharge current level, as 

shown in Figure 5-17. As high discharge current produces high thermal energy due to 

which more material is removed from the surface. 

5.5 SURFACE MORPHOLOGY 

Surface morphology of EDMed surfaces at five discharge current levels is 

shown in Figure 5-18 to Figure 5-22. Randomly distributed appendages of molten 

material, globules and craters are the common features for all discharge current levels. 

All of these features are getting refined with the decrease of discharge current level. 

Each discharge current levels produces sparks with the intensity proportional to the 

discharge current. Therefore the surface formed at a specific discharge current level has 

features of approximately equal size such as craters, globule and pits etc. The 

approximate diameter of the crater with respect to discharge current level is; 200-220 

µm at 12 ampere, 140-160 µm at 6 ampere, and 60-70µm at 4.5 ampere. Craters are of 

hemispherical shape, therefore their size is the measure of surface roughness. Globules 

are of spherical form and their diameter is also increasing with the increase of discharge 
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current level which is less than 10 µm at 3 A and 60 µm for 12 ampere. Microcracks 

are not observed for 3A and 6A. But at 9 ampere very small microcracks are seen and 

at the discharge current of 12 ampere, severe cracks are generated due to intense sparks. 

The EDMed surface at each discharge current level has its unique appearance which is 

due to the difference in size of all features.    

  

(a) (b) 

Figure 5-18: Surface morphology at 3 ampere, (a) 100µm, (b) 20µm. 

  

(a) (b) 

Figure 5-19: Surface morphology at 4.5 ampere, (a) 100µm, (b) 50µm. 
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(a) (b) 

Figure 5-20: Surface morphology at 6 ampere, (a) 100µm, (b) 20µm. 

  

(a) (b) 

Figure 5-21: Surface morphology at 9 ampere, (a) 100µm, (b) 20µm. 
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(a) (b) 

Figure 5-22: Surface morphology at 12 ampere, (a) 100µm, (b) 10µm. 

5.6 CROSS-SECTIONAL OBSERVATIONS OF THE WHITE LAYER 

Tangential observations of the white layer formed at the discharge current levels 

of 3, 6 and 12 ampere, are made by SEM, Figure 5-23. Similar to surface morphology, 

the cracks are not seen for lower discharge current levels of 3 and 6 ampere, but at high 

discharge current of 12 ampere many surface cracks are observed penetrating the white 

layer till the junction of white layer and base material. The thickness of white layer is 

more at the higher discharge current level. This increase in discharge current level 

produces more discharge energy that melts more quantity of the surface material. 

Rebelo et. al  [23] discussed that up to 15% of the molten material is removed by the 

dielectric liquid. The residue molten material resolidified which is in more quantity for 

higher discharge current level. Thus the white layer thickness increases with the 

discharge current level. But the white layer thickness is not uniform therefore average 

white layer thickness (AWLT) have been determined accurately by considering whole 

surface area of the white layer.  
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(a) 3 ampere (1500x) (b) 6 ampere (2000x) 

 
(c) 12 ampere (2500x) 

Figure 5-23: SEM cross-sectional images of white layer at (a) 3 ampere, (b) 6 ampere, 

and (c) 12 ampere. 

White layer formed at 12 ampere is shown in Figure 5-24(a), where three 

overlapping layers are formed which remain separate from each other by a narrow gap. 

Spherical cavity in the white layer indicates presence of entrapped air bubble during 

EDM. A globule is also seen having definite boundary and is penetrating the white 

layer. 
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 In Figure 5-24(b) crack is initiating from the root of the pit in the white layer 

and is terminating at the junction of white layer and base material.  Such defects create 

stress concentration and cracks are often seen initiating from these defects. A sharp 

discontinuity in the white layer near the surface pit is also seen which can also cause 

crack initiation. 

 In Figure 5-24(c), a crack instigated from the root of the pit due to higher stress 

concentration. This means that surface pits, gas bubbles and also non-metallic 

inclusions near surface which have weak bonding with base material can cause stress 

concentration that is detrimental to the fatigue performance of the material.  

Figure 5-24 (d), shows two types of cracks in the white layer, one crack is 

extending from white layer into the base material and other crack is terminating at the 

bottom of the white layer. Normally surface cracks are seen terminating at the junction 

of white layer and the base material. This observation is in agreement with the study of 

Lee and Tai[37] for tool steel. 
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(a) (b) 

 
 

(c) (d) 

Figure 5-24: (a) Defects in white layer, (b) crack originating from the root of a pit (c) 

crack originating from the root of a pit, (d) left crack penetrating the base material and 

right crack is terminating at the juncton; (1000x+zoom+crop). 

Figure 5-25 shows sever cracking below the white layer which is caused by 

arcing defect. This shortcoming occurred while machining at the discharge current of 

12 ampere.  The dielectric liquid performs as an insulator material between oppositely 

charged tool electrode and workpiece. Unfortunately the removed debris are collected 

between this gap that results sever discharge due to short circuit. The subsequence rapid 

cooling of molten material builds high residual stresses that causes cracking below the 

white layer.  Therefore, in order to avoid such defects proper flushing of the debris is 

required. 
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Figure 5-25: cracking of the material below white layer at 12 ampere (1500x). 

5.7 ENERGY DISPERSIVE SPECTROSCOPY (EDS) 

EDS spectroghs are obtained for the discharge levels of 3, 9 and 12 amperes, 

shown in Figure 5-27 to Figure 5-32. The EDS analysis of the base material and the 

globule formed at 12 ampere discharge current level are shown in Figure 5-31 and 

Figure 5-32 respectively. This analysis shows that Al, C and Cu are the major 

components of the white layer formed at all discharge current levels and their quantity 

is dependent on the discharge current level as briefed in Figure 5-26.  

  

Too much heat produced due to 

DC arcing caused sever cracking 
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Table 5-10: Contents of major elements in white layer, Globule and base material. 

EDS  

% wt. 

Copper 

% wt. 

Carbon 

% wt. 

Aluminum 

% wt. 

Oxygen 

3A 24.64 30.64 35.89 5.28 

6A 3.23 26.64 56.32 11.48 

9A 13.66 19.55 58.64 5.62 

12A 3.19 16.48 73.35 5.53 

Standard deviation 

3-12 A 8.87 5.60 13.35 2.60 

Globule 19.45 25.73 36.98 17.84 

Base Material 3.29 17.85 71.31 5.92 

 

Figure 5-26: Contents of major elements in white layer at 3A, 6A, 9A, 12A, globule 

and base material. 

The contents of the major elements such as copper, carbon, oxygen, aluminum, 

at each investigated discharge current level are given in Table 5-10. The scatter in 

amount of these elements is determined by standard deviation which made this clear 

that the influence of discharge current is more on copper contents followed by carbon 

contents.  
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Figure 5-27: Energy Dispersive Spectroscopy of white layer at 3 ampere. 

 

 

Figure 5-28: Energy Dispersive Spectroscopy of white layer at 6 ampere. 

 

Element Weight% Atomic% 

C K 26.64 43.09 

O K 11.48 13.94 

Mg K 1.00 0.80 

Al K 56.32 40.54 

Ca K 0.80 0.39 

Mn K 0.31 0.11 

Cu K 3.23 0.99 

Totals 100.00  

 

Element Weight% Atomic% 

C K 30.64 54.53 

O K 5.28 7.05 

Mg K 0.59 0.52 

Al K 35.89 28.43 

Ca K 0.30 0.16 

Mn K 1.47 0.57 

Fe K 1.18 0.45 

Cu K 24.64 8.29 

Totals 100.00  
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Figure 5-29: Energy Dispersive Spectroscopy of white layer at 9A. 

 

 

 

Figure 5-30: Energy Dispersive Spectroscopy of white layer at 12 ampere. 

 

Element Weight% Atomic% 

C K 19.55 36.76 

O K 5.62 7.93 

Mg K 0.42 0.39 

Al K 58.64 49.08 

Si K 0.17 0.14 

Ca K 0.28 0.16 

Mn K 1.66 0.68 

Cu K 13.66 4.85 

Totals 100.00  

 

Elemen

t 

Weight

% 

Atomic

% 

C K 16.48 30.24 

O K 5.53 7.63 

Mg K 1.00 0.90 

Al K 73.35 59.94 

Mn K 0.45 0.18 

Cu K 3.19 1.11 

Totals 100.00  

 



 132 

 

Figure 5-31: Energy Dispersive Spectroscopy of Globule at 12 ampere. 

 

Figure 5-32: Energy Dispersive Spectroscopy of Base-material. 

 

This data shows that the white layer only contaminates by Copper at the lowest 

current levels. As at lower discharge current levels the inter-electrode gap reduces due 

to which copper material is transferred from tool electrode to the white layer. Although 

Copper is a major alloying element of 2024 aluminum alloys but it has Copper contents 

Element Weigh

t% 

Atomic

% 

C K 25.73 43.42 

O K 17.84 22.60 

Al K 36.98 27.78 

Cu K 19.45 6.20 

Totals 100.00  

 

Elemen

t 

Weight

% 

Atomic

% 

C K 17.85 32.29 

O K 5.92 8.04 

Mg K 0.99 0.89 

Al K 71.31 57.41 

Mn K 0.64 0.25 

Cu K 3.29 1.12 

Totals 100.00  
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up to 4%. The contamination of the EDMed surface by the transfer of copper electrode 

material was also observed by Guo et. al [139] for Fe-Mn-Al alloy.  

White layer is also extensively contaminated by the carbon contents for all 

discharge current levels. cracking of the kerosene oil occurred at extremely high 

temperature of to 40,000 K and carbon is released [35, 140]. The molten material 

absorbs some of these carbon contents. The amount of carbon contents in the white 

layer is linearly increasing with the decrease of discharge current level. The high 

enrichment of the white layer by impurities at lower discharge current level is attributed 

to relatively small expulsive forces are generated by weaker sparks as compared to the 

higher discharge current levels. Therefore the impurities like copper and carbon are not 

properly splashed away from the inter-electrodes gap. Another reason for high 

contamination at low discharge current may be due to high machining time required for 

the desired amount of material removal. At low discharge current, the white layer is 

thinner than that of high discharge current level. Therefore, the concentration of carbon 

contents is higher for the lower discharge current levels. The quantity of impurities is 

high at lower discharge current levels due to which the amount of pure aluminum is 

smaller. 

 The EDS analysis of the globule reveals that the amount of copper and carbon 

contents in globule is relatively high as compared to the white layer formed at the same 

discharge current level. It was noted that at the discharge current of 12 ampere the white 

layer was not contaminated by copper contents. As the globules are formed by the 

complete vaporized material which might have jumped and went close to the tool 

electrode during machining and then fell down on the surface of the workpiece. Oxygen 

was not present during machining in the kerosene oil but when freshly machined surface 

was exposed to open air then the machined surface was oxidized. The EDS analysis of 

the base material was also performed. The contents of copper, carbon and pure 

aluminum are nearly equal to that of the white layer formed at 12 ampere which shows 
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EDM at high discharge current level generates the white layer with little or no 

contamination of the impurities.   

5.8 SURFACE ROUGHNESS 

Surface roughness of the EDMed surfaces at different discharge current levels 

are determined by roughness profilometer SJ-410. Specimens with flat surface are 

analyzed by this apparatus. But, the surface of the actual specimens are round and 

curved. In order to determine the surface roughness of these specimens a digital image 

analysis of the optical microscope image has been considered. The validity of this 

method is checked by comparing the results of this method with the conventional 

profilometer for same specimen. These specimens are flat surface cylindrical specimen 

.After conforming the suitability of digital image processing (DIP) method, the actual 

specimens could be analyzed by same procedure.   

5.8.1 Stylus Profilometer results for flat specimen 

Typical surface profile of electric discharge machined specimen is shown in 

Figure 5-33 and of the pristine specimen is shown in Figure 5-34. It is clearly seen that 

the surface obtained by conventional turning process is relatively regular as compared 

to the electric discharge machined specimen. Initially surface roughness of the pristine 

specimen is determined and are given in Table 5-11. It is observed that the arithmetic 

mean surface roughness Ra of EDMed specimen at 3 ampere is 5.65 times higher than 

that of pristine specimen.   

In Figure 5-35 to Figure 5-38, the values of different roughness parameters have 

been shown for different discharge current values. As expected the surface roughness 

was found increasing with the discharge current value. The surface roughness is 

increasing with higher rate from 3 to 6 ampere but after that the rate of the increase of 

surface roughness with the discharge current level is reducing As expected, Ra and Rq 

are increasing in the same order with the discharge current and showing highest surface 
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roughness at 12 ampere. However average peak to valley height parameters (Rz & Rt) 

have shown almost same values as 9 ampere. The maximum change in the surface 

roughness in the form of measuring parameters is shown in Table 5-12, where Ra is 

measuring maximum change which is 53.8% and Rt is measuring minimum change 

which is 43,8%. A typical roughness profile of the EDMed surface at the discharge 

current of 3 ampere is shown in Figure 5-33. 

 

Figure 5-33: Representation of the surface roughness profile for the EDMed surface.  

 

Figure 5-34: Representation of the surface roughness profile for the pristine specimen.  

Table 5-11: Surface roughness of pristine specimen determined by stylus profilometer 

Sr. # Ra (µm) Rq (µm) Rz (µm) Rt (µm) 

1 0.764 0.919 4.020 4.802 

2 0.749 0.926 4.146 4.399 

3 0.734 0.898 3.863 4.154 

4 0.756 0.919 3.827 4.391 

Average 0.746 0.916 3.964 4.437 

Standard Deviation 0.009 0.011 0.128 0.233 

 

Table 5-12: Percentage change in the roughness parameters with discharge current. 

Roughness Parameter Ra (%) Rq (%) Rz (%) Rt (%) 

% Change 53.8 52.5 46.7 43.8 
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Figure 5-35: Influence of discharge current on Arithmetic mean roughness parameter 

(Ra). 

 

Figure 5-36: Influence of discharge current on) Rq. 
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Figure 5-37: Influence of discharge current on Rz. 

 

 

 

Figure 5-38: Influence of discharge current on Rt. 

In Table 5-13, the results of arithmetic mean surface roughness Ra obtained by 

the Stylus Profilometer method are given.  
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Table 5-13: Ra of flat Specimen by Stylus Profilometer. 

Sr. # 3 ampere 4.5 ampere 6 ampere 9 ampere 12 ampere 

1 3.59 4.58 4.48 7.81 6.81 

2 3.28 4.89 5.65 6.46 7.25 

3 3.37 4.42 5.72 6.68 8.33 

4 3.45 3.87 5.65 6.20 7.42 

5 3.67 4.00 5.91 6.14 7.76 

Average 3.47 4.35 5.48 6.66 7.51 

St. Dev 0.16 0.42 0.57 0.68 0.57 

 

 

 

Figure 5-39: 95 % and 50 % confidence intervals of surface roughness of flat 

specimen by Stylus Profilometer. 

Due to scatter in the roughness values at the investigated discharge currents, 

Confidence intervals of 95% and 50% are determined by using T-distribution and are 

shown in Figure 5-39. 
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5.8.2 Digital image analysis results for flat specimen 

The results of the digital image processing method for the determination of 

arithmetic mean surface roughness for the flat specimens are given in Table 5-14. 

 

Table 5-14: Ra of the flat specimen by DIP method. 

Sr. # 3A 4.5A 6A 9A 12A 

1 4.04 4.55 4.20 7.21 7.44 

2 4.56 7.41 5.01 6.56 9.90 

3 4.62 4.13 5.62 6.00 10.49 

4 5.21 4.80 7.18 9.51 8.03 

5 4.67 4.91 5.90 6.44 7.33 

6 5.37 5.45 6.75 9.40 9.83 

7 5.13 4.41 5.59 8.56 7.43 

8 3.52 5.47 6.32 9.38 9.44 

9 3.58 5.73 5.28 8.68 7.26 

10 4.47 4.77 5.86 7.84 7.29 

Average 4.52 5.16 5.77 7.96 8.44 

St. Dev. 0.64 0.94 0.86 1.34 1.31 
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Figure 5-40: 95 % and 50 % confidence intervals of surface roughness of flat 

specimen by DIP method. 

Mean value of the Ra values for flat specimen analyzed by DIP method are 

obtained and plotted in Figure 5-40.  The confidence intervals of 95% and 50% are 

determined by using T-distribution are also determined.  
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Figure 5-41: Ra by DIP method and comparison with the stylus profilometer results. 

The mean values are plotted in Figure 5-41. Also the curve obtained by Stylus 

Profilometer is plotted for comparison. The comparison shows approximate similar 

pattern in the change in surface roughness with varying discharge current. The DIP 

method is measuring higher value of surface roughness which is up to 13 %. This result 

looks true, as the stylus profilometer has 3D tip but by DIP method, the analyzed surface 

profile is mere 2D. The stylus tip may not enter in the valleys with the width less than 

the stylus tip’s diameter. But in 2D analysis these valleys are also measured which are 

the reason of higher roughness value. Therefore by considering this logical reason, the 

DIP method could be applied for actual (curved & round) specimens to study the effect 

of discharge current on surface roughness. 
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 5.8.3 Surface roughness results of actual (round & curved) specimens by DIP 

The values of arithmetic mean surface roughness Ra for five images of the 

specimen prepared at each discharge current levels is given in Table 5-15. 

Table 5-15: "Ra" of actual (round and curved) specimen by DIP method. 

Sr. No. 3 ampere 6 ampere 9 ampere 12 ampere 

1 4.56 8.61 12.27 10.68 

2 6.15 7.21 10.18 12.52 

3 7.38 8.28 10 9.93 

4 4.82 8.88 9.72 10.23 

5 4.62 8.7 10.62 14 

Average 5.51 8.34 10.56 11.47 

St. Dev. 1.23 0.67 1.01 1.73 

 

 

Figure 5-42: Comparison of surface roughness for static and rotating specimens. 

The mean value of Ra along with standard deviation for the actual (round and 

curve) specimen is shown in Figure 5-42. The error bars are representing standard 

deviation in the roughness value at all discharge currents.  
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Figure 5-43:  95 % and 50 % confidence intervals of surface roughness of actual 

(round and curved) specimen by DIP method.  

Due to scatter in the roughness values at the investigated discharge currents, 

Confidence intervals of 95% and 50% are determined by using T-distribution and are 

shown in Figure 5-43. 
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Figure 5-44: Comparison of the arithmetic mean roughness (Ra) between flat and 

actual specimen by DIP method. 

In Figure 5-44 , the arithmetic mean surface roughness (Ra) values determined 

by the DIP method are compared, it is found that the roughness generated on the surface 

of actual specimen is more and the difference is increasing with the discharge current 

level.   

5.9 AVERAGE WHITE LAYER THICKNESS (AWLT) 

Three images of the white layer are obtained at same magnification and are 

separated from bulk material. A complete image obtained at the discharge current of 3 

ampere and the separated white layer from this image are shown in Figure 5-45 . One 

out of three separated images of the white layer formed at each discharge current level 

are shown in Figure 5-46.  It is observed that the white layer thickness is not uniform. 

Therefore, AWLT is determined by considering whole cross-sectional area of the white 

layer. 

0

2

4

6

8

10

12

14

0 3 6 9 12 15

R
a 

(µ
m

)

Discharge Current (ampere)

Ra  by DIP (Flat Vs Actual)

Flat specimen-DIP method

Actual (curved & roung) specimen-DIP method



 145 

 

(a) Complete image showing white layer and bulk material. 

 

(b) Separated white layer from bulk material. 

Figure 5-45: Separation of white layer from bulk material for image analysis 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

Figure 5-46: The separated white layer from image at the discharge current of (a) 3 

ampere, (b) 4.5 ampere, (c) 6 ampere, (d) 9 ampere and (e) 12 ampere.  

 The MATLAB code is used to determine white layer thickness accurately from 

the image obtained by optical microscope which is termed as average white layer 

thickness (AWLT).  For the specimen prepared at each discharge current level, AWLT 

from three different locations was computed and then their mean value was obtained 

from these three values as shown in Table 5-16.  

Table 5-16: Computation of mean AWLT. 

Discharge Current 

‘amperes’ 

AWLT 'µm' Mean AWLT 

'µm' 

Standard 

Deviation Sample#1 Sample#2 Sample#3 

3  5.25 5.89 1.43 6.57 1.66 

4.5  6.18 5.32 0.41 5.90 0.44 

6  8.21 7.17 2.03 9.09 2.36 

9  9.66 15.67 3.05 13.94 3.42 

12  18.13 20.88 4.66 16.30 5.48 
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The mean value of the AWLT for five discharge current levels is presented in 

Figure 5-47. The AWLT is nearly equal for 3 and 4.5 amperes but increases for higher 

discharge current levels afterwards.  

  

 

Figure 5-47: Mean AWLT Vs discharge current. 

5.10 MICRO HARDNESS  

Average microhardness of the white layers formed at the investigated discharge 

current levels is shown in Figure 5-48. It was interesting to note that the hardness of the 

white layer was lower than the base material. This observation was in contradiction to 

the Fe and Ni based alloys where the hardness of the white layer was more than the 

base material. It has been observed that the softening of the white layer is more for 

lower discharge current levels. The hardness of the base material was found equal 

to140Hv. Andrea Gatto et. al [123] also found the decrease in hardness of white layer 

formed by EDM of aluminum alloy.  

The decrease in the micro hardness for the white layer formed by EDM of 

Aluminum alloy 2024 T6 is attributed to the fact that the high temperature during ED 
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machining causes stress relieving of the tempered T6 alloy.  While machining at lower 

discharge current level yields more machining time for the desired geometry. The 

availability of more time during machining permits the precipitates to loss their position 

which were previously hindering the movement of the substrate particles in the T6 

tempered state. Thus the substrate atoms could be moved easily with comparatively 

lower stresses, which is an indication of the loss of strength and hardness of the EDMed 

surface. This observation is in-line with the previous research [141]. 

 

 

Figure 5-48: Influence of discharge current on micro hardness of white layer. 

5.11 RESIDUAL STRESSES 

Residual stresses are determined in the depth of EDMed specimen at the 

discharge current levels of 3, 6, 9 and 12 ampere using hole drill method. The amount 

of residual stresses at different depths are shown in Figure 5-49. It is seen that tensile 

stresses are observed for all discharge currents near the EDMed surfaces which are 

converting into compressive stresses after some depth to balance the tensile stresses. 

The amount of residual stresses is found proportional to the discharge current. This 

observation is in agreement to [142], where it was found that thicker the white layer, 

EDM induced residual stresses for tool steel were higher.  
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Figure 5-49: Residual stress profiles in surface depth.  

5.12 FRACTOGRAPHY 

Multiple crack initiation cites are seen from the outer surface of EDMed 

specimens from all sides, which are indicated by arrows in Figure 5-50(a&c). This is a 

common observation for rotating bending fractures, where maximum stresses exist at 

the outer surface. The river lines are originating from these crack initiation cites and are 

confining towards center without twisting as shown in Figure 5-50 (b), which is the 

evidence of mode-1 crack opening.  Figure 5-50 (d) shows the striations marks which 

is an evidence of ductile fatigue fracture.  

Figure 5-51 depicts the macroscopic images of the fractured surface for each 

load step. The shape of fractured end is found independent of the discharge current level 

which means that the macroscopic view of the cup and cone shape at a particular load 

level is identical for all discharge current levels. Crack propagation length on shear lip 

is shown by ‘A’, length of brittle fracture by ‘B’ and crack propagation length in 

perpendicular direction to load axis is represented by ‘C’. It is well known that the 

plastic deformation causes shear of slip bands at 45 ͦ with the load axis, but in elastic 
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crack propagation the crack propagates inward perpendicular to the load axis[143]. In 

present situation, crack propagation is the elastic-plastic cumulative phenomenon. In 

first four stress levels, the formation of inclined shear lip with the longitudinal axis is 

demonstrating that the plastic crack propagation is prevailing. The highest stress level 

is causing early brittle rupture, therefore, the length of shear lip is smallest for the 

highest stress but increases as stress level decreases. Therefore, the surface area of the 

brittle fracture is also decreasing with the decrease of stress level. This observation is 

in agreement with [126]. The truncated tip is due to brittle rupture.  
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(a) (b) 

  
(c) (d) 

Figure 5-50: Fractographs (a) Multiple crack initiation cites, (b) Crack propagation 

under Mode-1, (c) Crack propagating vertically inwards, (d) Fatigue striations are 

visible.  
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Load 

Step 

Fractured Surface Description 

01 

 

 Applied stress = 282 MPa = 0.55σy 

 Crack propagation path is not equal from all 

sides.  

 Crack propagated at an angle of 35 ͦ to 38 ͦ which 

have shown plastically dominating elastic-

plastic crack. 

 The length of shear lip is represented by ‘A’ and 

area of brittle fracture by ‘B’   

02 

 

 Applied stress = 234 MPa = 0.45 σy 

 The length of shear lip is increased. 

 Area of brittle fracture is reduced.  

 Crack propagation phenomenon is same as load 

step 1.  

 

03 

 

 Applied stress = 201 MPa = 0.39 σy 

 The length of shear lip is increased further.  

 Brittle fracture area is reduced. 

 Crack propagation phenomenon is same as load 

step 1 &2. 

 

04 

 

 Applied stress = 177 MPa = 0.34 σy 

 Fractured tip has got complete cone shape  

 Crack propagation lines are showing mode-I 

crack opening. 

 Brittle fracture area is negligible.  

05 

 

 Applied stress = 147 MPa = 0.28 σy 

 Crack propagation initiated elastically 

 After moving a very short distant inward, the 

elastically dominant crack propagation is 

converted into plastically dominant crack 

propagation.  

 Area of brittle fracture is negligible. 

06 

 

 Applied stress = 117 MPa = 0.23 σy 

 More than half of the crack propagation path is 

by elastic failure. Multiple crack initiation cites 

are observed. 

 After elastically dominating crack propagation, 

plastically dominating crack propagation started 

again and a small cone is formed at the center.  

 Area of brittle fracture is negligible. 

07 

 

 Applied stress = 102 MPa = 0.20 σy 

 Major portion of crack propagation is elastic 

dominating and its length is represented by ‘C’. 

 Area of brittle fracture is negligible.  

 Microfractography of the portion mentioned by 

a square is performed and is explained in 

Figure 5-53.  

Figure 5-51: Fracture behavior Vs applied stress. 

As shown in Figure 5-52, the schematic of the cone profile at seven stress levels 

is summarized in three main shapes as, i) incomplete cone; the length of shear lip is 
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small which is increasing as stress level decreases, ii) complete cone; the length of shear 

lip approaches its maximum value, iii) Initially crack propagated inward perpendicular 

to the longitudinal axis, then shear lip is formed again that produces small cone near 

the center of the fractured surface. Its position depends on the crack growth rate from 

all sides. With decreasing stress level, the length of the vertical crack propagation 

increases and cone size decreases. The river lines on the fractured surface are indicated 

by dotted arrows in 2D representation. 

 

 

 

 

 

 

a) 0.33-0.39 σy b) 0.34 σy c) 0.28-0.20 σy 

Figure 5-52: 2D Schematic shape of fractured cone. 

The specimen fractured under lowest stress level is observed by SEM at the 

locations of elastic dominating crack propagation, shown in Figure 5-53, which reveals 

the nature of fracture and presence of secondary metals particles in the matrix of Al 

2024. These fractographs are obtained at 1000X and 5000X. Figure 5-53 (a) shows that 

the fracture is inter-granular and round inclusions are present in the cavities of matrix. 

In Figure 5-53 (b), Magnified Fractrograph (5000X) of the selected rectangular portion 

is representing large number of dimples that shows ductile fracture. Now the 

rectangular cleavaged facets of intermetallic inclusions are also visible. These 

inclusions are comprised of secondary phase particles such as silicon, ferrous and 

magnesium. These inclusions are showing weak bonding with the aluminum matrix. 

Bi-axed microvoids are seemed from these inclusions, which are formed by bi-axed 

tensile stresses at rotating bending fatigue test machine. Due to cyclic loading the size 

of micro voids increase causing coalescence of nearby microvoids to form a complete 

crack.  
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Figure 5-53: Fractrograph showing dimples and non-metallic inclusions. 

5.13 DISCUSSIONS  

In Figure 5-54, the effect of surface roughness on the fatigue limit is shown. 

There is 50% change in the surface roughness between lowest and highest investigated 

discharge current values. However the variation in fatigue limits is mere 17.72%, which 

is showing that increase of surface roughness caused reduction in the fatigue limit.  

 

 

Figure 5-54: Relationship between surface roughness and fatigue limit. 
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Surface roughness is not the only parameter that can completely define fatigue 

strength. Therefore the relations for other surface integrity parameters with the fatigue 

strength of the EDMed specimen are also discussed. 

 The influence of the increase of white layer thickness on fatigue strength is 

detailed in Figure 5-55. The average thickness of the white layer was increasing with 

discharge current and was found in the range of 4.7-11.9µm. The thermal conductivity 

of aluminum alloys is about three times of steel alloys. Heat produced by discrete 

electric sparks will sink rapidly to base material. This quicker heat dissipation will not 

allow heat to collect there and only small volume of molten pool is formed. High 

standard error in the white layer thickness is due to its heterogeneous nature. One reason 

for this was large number of globules on the machined surface. These globules form by 

re-solidification of the condensed material that usually embed in the molten material 

when its temperature is close to the melting point. Irregular thickness of white layer, 

craters and globules are the main cause of high surface roughness. The Globules also 

cause local stress concentrations just as surface pits which resulting early failure of the 

material. 

 

 

Figure 5-55: Relationship between white layer thickness and fatigue limit. 
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Morphological observations of aluminum alloy at the same discharge current of 

3, 6, 9 and 12 ampere are detailed in [20]. However, in this study, it is added that surface 

cracks are not uniformly distributed at all machined surface but were found at discrete 

locations. Cracks were not evident on most of the EDMed surface area. Miller P. et. al 

[144] has discussed that the higher thermal conductivity of aluminum alloy causes little 

temperature gradient on re-solidification of the molten material which leads to low 

thermal stresses. Surface cracks are only produced if the amount of these stresses 

exceed rupture strength of the material 

EDM machining has softened the surface layer and this effect is increasing with 

the decrease of discharge current value, Figure 5-56. The heat produced during EDM 

is causing melting and over aging of the precipitation hardened aluminum alloy (Al 

2024 T6) which reduced its hardness. This observation is in agreement with [141].  

Arooj et. al [20] have found that material removal rate of aluminum alloy is directly 

proportional to the discharge current value. As equal amount of material is being 

removed at all discharge current values. Thus machining at low discharge current 

requires more machining time which is the reason of over aging. Thus micro hardness 

of the white layer is looking more dependent on machining time than the spark intensity. 

The effect of white layer hardness on fatigue limit is presented in Figure 5-56, which 

are in agreement with the findings of [145] while evaluating the effects of surface 

hardness, obtained by heat treatment, on the fatigue strength of precipitation hardened 

aluminum alloy. Thus softening of the high strength aluminum alloy by machining at 

lower discharge current negatively effects the fatigue strength. 
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Figure 5-56: Relationship between micro harness of white layer and fatigue limit. 

Table 5-17: Maximum change (%) in surface integrity parameters. 

Parameters Mean surface 

roughness (Ra) 

Average white 

layer thickness 

Microhardness of 

white layer 

% change from 3-12 

ampere 
50 % 60% 16 % 

 

Total change in the surface characteristics from 3 ampere to 12 ampere 

discharge current values are given in Table 5-17. It is clearly seen that fatigue strength 

of the EDMed aluminum alloy could not be associated to any single surface integrity 

parameter. The change in some major factors such as surface morphology, roughness, 

white layer thickness and its micro hardness have cumulative effect on the fatigue 

strength of EDMed aluminum alloy.  

In Table 5-18, the fatigue strength of the material at each alternating stress level 

is given against the white layer thickness. The correlation coefficients (r) are computed 

for AWLT and fatigue strength at all levels of alternating stress and are shown in 

Table 5-19. 
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Table 5-18: Fatigue strength at alternating stress levels Vs white layer thickness. 

 

AWLT 

Alternating stress (MPa)  

282 234 201 177 147 117 102 

6.57 16217 50467 93733 204833 706567 1667900 2421086 

5.9 15888 44700 88036 162672 682671 1329388 2075409 

9.09 14821 38766 72658 176294 617164 1172957 1709246 

13.94 12592 39598 75011 136419 529745 906343 1329290 

16.3 14179 35392 66765 133630 423274 768566 1144862 

Table 5-19: Co-relation between fatigue strength and white layer thickness. 

Alternating Stress (Mpa) 282 234 201 177 147 117 102 

Correlation Coefficient r  -0.821 -0.814 -0.851 -0.819 -0.981 -0.912 -0.941 

 

The negative values of ‘r’ is showing inverse relation between AWLT and 

fatigue strength. The magnitude of ‘r’ more than 0.8 represents a strong correlation. It 

is also clearly observed that the correlation is becoming perfect at the lower stress levels 

(=<147) where the magnitude is greater than 0.9. This analysis shows that fatigue 

strength at all stress levels is dependent on the AWLT and this effect is pronouncing at 

the lower stresses levels.  

In Figure 5-57 , the variation in the fatigue life with respect to stress levels and 

the white layer thickness is presented. It is clearly observed that the effect of stress on 

the fatigue life of material is uniformly changing but the influence of white layer 

thickness on the fatigue life is more in the HCF region as compared to LCF region. This 

statement could be explained as the effect of white layer thickness on the fatigue life of 

material depends on the alternating stress level, but the effect of the magnitude of the 

alternating stress on the fatigue life does not depend on WLT. 
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Figure 5-57: Behavior of fatigue life with respect to Stress level and WLT. 

The characteristics of the white layer are highly influencing the fatigue 

performance of the material. SN curves are plotted for specimens EDMed at five 

different discharge current levels and compared with the conventionally machined 

specimens. SN Curves show that the effect of discharge current on fatigue life is more 

pronounced at low stresses, whereas at high stresses the fatigue lives are quite close for 

different tests. 

According to morphological and cross-sectional observations many defects such as 

cracks, cavities, inhomogeneity of overlapping craters exist in the white layer. Also the 

tensile residual stresses are present in the white layer formed at all discharge currents 

that cause early cracking of the white layer when material is subjected to load. 

Therefore, for HCF region, the chances of crack initiation increases with the thickness 

of white layer which drastically shortens the fatigue life of EDMed specimens.  
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Chapter 6 : Conclusions and Future Recommendations 

This study conducted is primarily focused on the effect of EDM machining on 

the fatigue strength of aerospace grade aluminum alloy 2024 T6. A well thought out 

strategy of result is followed to initially characterize the effects of EDM on fatigue life 

of aluminum alloy and then to correlate the physical effects of the surface produced 

with the results of the fatigue testing. During the course of study, new experimental and 

data analysis techniques are developed to overcome some difficulties with the 

conventional techniques. The results of the newly developed techniques are compared 

with the conventional techniques to ensure reliability and validity of the results. The 

following paragraph will describe, in brief, the sequence of the experimentation, the 

new techniques developed and the conclusion drawn from the results. A critical analysis 

of the results is also presented and the chapter ends with some future recommendations. 

6.1 STRATEGY OF RESEARCH  

The work carried out is a contribution to the effects of EDM on the fatigue 

properties of Al 2024 T6 alloy. To our knowledge it is a unique study of its kind on this 

alloy. The strategy is based on testing the fatigue properties of this alloy followed by 

detailed statistical analysis of the fatigue results and in-depth characterization of the 

surface integrity produced by EDM. There are six principal component of this study. 

1. Preparation of a 4-point notched rotating bending specimen. The 

specimens are initially turned and an EDM notch is machined on a 

purpose built rig. The rig is made in such a way that it works while 

submerged in dielectric liquid and has a maximum run-out of 0.005 

mm. A quick release electrode holder is made to ensure that only one 

electrode is used for each machined specimen. Material removal rate 

(MRR) is determined for each discharge current level. 
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2. Fatigue testing of the EDMed specimens are carried on stress levels 

varying between 0.2~0.55𝜎𝑦 at 50 Hz. Specimen machined at 3, 4.5, 

6, 9, and 12 ampere are tested and SN curves at each discharge current 

level are established. In addition SN curve for specimens prepared by 

turning is also established. All in all 119 specimens are tested to 

establish SN curves. The results of SN curves are determined for 95% 

failure probability with 75%, 90%, 95% and 99% confidence levels. 

Fatigue endurance limits for the run-out criterion of 1 x 107 are also 

determined using staircase method.  

3. The surface produced by EDM process is characterized. For this 

purpose i) surface morphology of the white layer is studied, ii) the 

chemical composition is analyzed using EDS analysis, iii) the 

microhardness of the surface layer is determined, iv) Images of the 

cross-section of the white layer are analyzed to determine the 

presence/absence of microcracks, white layer thickness and surface 

roughness by digital image processing (DIP), and v) residual stresses 

are determined by hole drill method. 

4. A new technique is developed to analyze the surface roughness 

optically which is then compared to the stylus based surface 

profilometer readings. The process is first validated on flat specimens 

and its workability is demonstrated. Following this, the surface of 

more complex specimens are analyzed only optically as the 

profilometer is incapable of providing this data. 

5. MATLAB based code is also developed to determine the average 

white layer thickness (AWLT). White layer is separated using an 

external computer application from rest of the image and is then 

processed through this code to calculate AWLT. 
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6. Finally the fractographic analysis of the specimens is carried out to 

determine the effect of loading on the mode of crack propagation i.e, 

mode-I or mode-II propagation.  

All data obtained above is then correlated in a systematic way, with the results 

of fatigue testing.    

6.2 PRINCIPAL RESULTS OBTAINED 

1. The material removal rate (MRR) is almost linear with respect to the 

discharge current level used during EDM. 

2. The surface morphology is strongly related to the current applied for 

machining. Between 3 and 6 amperes appendages of molten material do 

appear with an increase in pitting at 6 amperes. No microcracks are 

observed at these current levels. At 9 ampere, equally spaced craters are 

more easily visible with presence of microcracks detected at the 

resolidified layer. At 12 ampere severe microcracks can be seen. The 

same is observed when the white layer is seen across the cross-section. 

Most of the surface cracks terminate at the white layer, base metal 

boundary while a few microcarcks cross the boundary and extend into 

the metal. 

3. The SN curves show a very interesting trend. Firstly it is seen that the 

presence of EDM surface reduced the fatigue life for all stress levels as 

compared to the specimens made by turning. At light loads 20%𝜎𝑦, the 

Difference in fatigue life is of the order of 16%, 49%, 81% and 111%  

for 4.5 , 6, 9 and 12 amperes as compared to that of 3 ampere. Not much 

effect of machining current is seen on higher loads, however the effect 

of current is much more pronounced in HCF regime. Although it is seen 

that the endurance limit is achieved at very low stresses (below 20%𝜎𝑦  
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for EDM as compared to 30%𝜎𝑦for specimens made by turning). Thus 

it is concluded that for LCF or high load conditions, the current level is 

not really important and the machining parameters should be optimized 

according to the machining input. For HCF or low load conditions, 

however, lower current seems beneficial. The white layer produced as a 

result of machining seems responsible for this and it is thus characterized 

for different properties. The thickness of white layer may have an effect 

on the fatigue properties too. It is seen that AWLT does not have a 

uniform trend. It remains relatively stable for low currents (up to 4.5 

ampere) then increases with current. The interesting property of this 

white layer is that it seems to have high Cu contents and is much softer 

than the base material for lower currents. Higher currents seems to 

produce a harder white layer. The harder white layer will be more brittle 

as compared to the softer layer promoting crack initiation.  

4. As determined by staircase method, fatigue limit was found to decrease 

with the increasing value of discharge current. At the discharge current 

value of 12 ampere, the fatigue limit was only one half the fatigue limit 

of the conventionally machined specimens, but machining at the 

discharge current of 3 ampere as compared to 12 ampere improved the 

fatigue limit up to 10%. 

5. The surface roughness of the specimens as measured by DIP seems to 

show an increase in Ra value with an increasing current. It is of interest 

to be noted that the cylindrical specimens show higher roughness as 

compared to the flat specimens. 

6. EDM induced residual stresses are positive (30MPa average) as 

compared to the compressive stresses produced in turning (-100 MPa 
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average). This seems to be the important parameter in determining the 

fatigue life of the specimens.   

7. The fractographic analysis shown that the cracks are started from the 

surface from multiple locations. The cracks are then propagated under 

mode-I. Microvoids produced from the location of secondary metal 

particle inside the base material coalescence forming secondary cracks.     

The overall characterization of the surface leads to the fact that the presence of 

the white layer in general is detrimental to the fatigue life of the Al 2024-T6 alloy. A 

single parameter cannot be independently held responsible for this effect. Presence of 

microcracks, white layer thickness, surface roughness, and residual stresses, all 

contribute to the reduction in fatigue life.   The effect of these parameters is insignificant 

in LCF, as only the presence of white layer dictates lower fatigue life. In the HCF 

conditions the combined effect of these parameters seems to effect the fatigue life more.  

6.3 FUTURE RECOMMENDATION  

After conducting this research work, the author suggests the further 

investigations should be performed on following topics. 

• It would be interesting to carry out a sensitivity study of each of these 

parameters to determine independently the effects of different parameters on the 

fatigue life 

• A comparison with other alloys having hard WL will be interesting to determine 

the effect of the hardness. 

• Some researchers have used a post machining heat treatment to release the 

residual stresses. A comparison in that sense would be highly effective in 

determining the effect of residual stresses on the fatigue life.  
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