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ABSTRACT 
Background: The need for properties like high strength to weight ratio and high corrosion resistance in the field of aerospace, 
automotive and medical has resulted in replacement of conventional materials like cast iron, steel with advanced materials such as 
titanium, Inconel, carbon fiber reinforced composites and so on. But these advanced materials have poor machining characteristics 
and it renders these materials from machining by conventional machining processes. Drilling of micro holes in titanium alloy is a 
major challenge. Hence a nontraditional machining process like micro Electric Discharge Machining (Micro EDM) is desired for 
micro machining of titanium alloy. Objective: Machine micro holes of diameter 500 microns in Ti-6Al-4V alloy using L16 
orthogonal array in a Die Sinking Electric Discharge Machine and study the influence of coated electrodes towards material 
removal rate (MRR)  in micro EDM of titanium alloy. Results: From the Taguchi analysis of micro EDM of titanium alloy, it has 
been found that peak current is the parameter most influencing machining followed by Pulse OFF time and Pulse ON time. For the 
optimized setting, provision of zinc coating on copper electrode improves MRR by 58.2%. Conclusion: In this work, it has been 
found that provision of various coating like zinc, hard chrome and silver over the tool electrode can improve the material removal 
rate and reduce micro electric discharge machining time. Among all the coated electrodes, zinc coated electrodes achieves higher 
MRR. 
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INTRODUCTION 

 

The invention of Micro Electro Mechanical Systems (MEMS) has led to the development of micro 

machining and it has been used to generate complex 3D micro structures. According to Micro Meso Mechanical 

Manufacturing (4 M) Association, any part consisting of more than one micro feature can be called as micro 

part, irrespective of the part dimension. Among all micro machining operations, tool based micro machining 

have proved to be efficient. Micro EDM is one such operation which has been used to machine any electrically 

conductive materials irrespective of its mechanical properties. Micro EDM is a noncontact thermo-electrical 

machining process in which pulse energy in the range of 1-10μs is used to create series of discrete electrical 

discharge between the workpiece and the tool electrode material immersed in  dielectric fluid (like kerosene, de-

ionized water, EDM oil, etc). Material is eroded from the electrodes surface by instant vaporization and melting 

of the material due to the localized heat flux generated by the sparks. The primary purpose of dielectric fluid is 

to conduct power whenever the break down voltage is attained and also to flushes away the eroded debris 

particles from the very small gap maintained between the tool and the workpiece. The size of craters formed on 
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the work material surface increases when the discharge energy increases between the small inter electrode gap, 

[1]. 

Ti-6Al-4V alloy is widely used in aerospace, automotive and biomedical field because of its high strength 

to weight ratio, high corrosion resistance, high hardness and biocompatibility, [2]. But with conventional 

machining it exhibits poor machinability because of reactivity of the material with cutting tool which causes 

chipping and as a result premature failure of cutting tools occurs. Hence it is categorized as difficult to machine 

alloy and nonconventional machining process like micro EDM is desired for producing micro parts with this 

titanium alloy. Although difficult to machine material like Ti-6Al-4V can be machined with micro EDM, 

problems like lower MRR, higher tool wear rate, formation of recast layer and poor debris removal are faced 

during micro electric discharge machining, [3]. Hence there is a need for great research in the field of micro 

EDM of titanium alloy. Various properties of Ti-6Al-4V alloy are listed in table.1. 

Different solutions like ultrasonic vibration assisted micro EDM, magnetic field assisted micro EDM, 

powders mixed micro EDM, provision of rotary and slotted electrodes have been proposed by different authors 

for improving the performance of micro EDM. In ultrasonic vibration assisted micro EDM, ultrasonic vibration 

has been employed either for electrodes or dielectric fluid. Application of ultrasonic vibration to dielectric fluid 

generates cavitations effect which helps in effective removal of debris. Also the provision of ultrasonic vibration 

in EDM and micro EDM enhances the dielectric flushing effect and reduces arcing and short circuiting. Because 

of these reasons MRR, circularity and hole taper has been improved while TWR is reduced during vibration 

assisted micro EDM, [4-6]. Magnetic field assisted micro EDM has different effects in machining of magnetic 

and nonmagnetic materials. In machining of nonmagnetic material, whenever magnetic field is applied 

perpendicular to the direction of supplied current, Lorentz force is created which helps in effectively cleaning 

the debris particle from the inter electrode gap, [7,8]. Lin et al.,[9] reported that the number of effective 

discharge waveforms obtained by the magnetic force assisted EDM was higher than that by standard EDM and 

also it was reported that the MRR of magnetic force assisted EDM was almost three times as large as the value 

of standard EDM.        

 
Table 1: Physical and Mechanical Properties of Ti-6Al-4V 

Physical Property Typical Value 

Density (g/cm3)  4.42 

Melting range (°C±15°C)  1,649 

Specific heat (J/Kg °C)  526.3 

Thermal conductivity (W/mK)  6.7- 6.9 

Tensile strength (MPa)  897 

Elastic modulus (GPa) 114 

Hardness Rockwell C  36 

CTEn, linear(μm/m0C)  8.6 

Electrical resistivity(mΏ cm)   178 

  

The concept of powders mixed macro and micro EDM has been proposed by several authors, [10-13] 

because the addition of conductive powder to the dielectric fluid reduces its electrical resistivity which in turn 

enhances the ionization and sparking frequency between the tool and workpiece involved in electric discharge 

machining. Hence higher MRR occurs in powder mixed EDM due to creation of multiple discharge patterns 

from single input pulse. Also the occurrences of multiple discharges reduce the size of crater formation and it 

helps in easy removal of smaller debris. The major factors which have to be considered in powders mixed EDM 

are powder size, type and concentration. Gr, Al, Ti, W, TiC, Si or SiC, Cu, B4C, TiO2, MoS2 are the powders 

which have been used by different researchers, [14]. Fabrication of micro electrodes is another major issue 

which is faced during micro EDM. Hence the concept of localized electro chemical deposition has been 

proposed by Habib and Rahman, [15] for fabricating micro electrodes within short period of time. Smooth, fine-

grained, low porosity and complex shaped copper EDM electrodes has been produced and tested by them. It was 

reported that LECD electrodes are capable of fabricating micro-holes with good surface quality with rim free of 

burr-like recast layer.  

Provision of coatings on electrode surface has also been made by different researchers in order to address 

the issue of higher tool wear rate, [16-18]. Ferraris et al, [16] introduced the concept of insulated tools where a 

nonconductive material like parylene has been coated on the circumference of the electrode for reducing the 

occurrences of secondary discharges while micro EDM. Fabrication of holes with aspect ratio (>30) has been 

reported in this work. Uhlmann and Roehner, [17] analyzed the performance of PCD and B-CVD diamond tool 

electrode materials for micro-die sinking EDM and showed good results with respect to wear and process 

behavior under process conditions of micro-EDM. Yuangang et al, [18] tested the performance of ZrB2 

electrodeposited copper electrode in micro EDM of ANK 80 steel. ZrB2 is used as coating material in this study 

because it has high melting point (3040 °C), high electrical conductivity, thermal shock stability, and 

anticorrosion. Because of these properties of coated materials better machining performance was obtained in this 

study.   
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From the study conducted, it has been found that there is a wide scope for analyzing the performance of 

micro EDM of titanium alloy. And also there is a lack of work in analyzing the performance of various coated 

electrode in micro EDM of Ti-6Al-4V alloy. Hence in this study an effort has been made to the test performance 

of zinc, silver and hard chrome electroplated copper electrode in micro EDM of titanium alloy for improving 

material removal rate. 

 

Experimentation: 

The objectives of this work is to machine through holes of diameter 500μm on a 2.5mm thick Ti-6Al-4V 

plate using Die sinking Electric Discharge Machine and improve its material removal rate. Hence, Mitsubishi 

Spark EDM Machine, EA-8 Model has been used for conducting experiments on Ti-6Al-4V titanium alloy. New 

and identical tools were used for each set of experiments. L16 orthogonal array has been employed to conduct 

experiments. The machining parameters that were considered for machining are Peak Current (Ip), Pulse ON 

time (Ton) and Pulse OFF time (Toff) keeping other parameters constant. The response variables that were 

measured after machining are Material Removal Rate (MRR), Tool Wear Rate (TWR) and Hole Taper. From 

the trails conducted, Taguchi analysis has been used to identify the optimum parameter for improving material 

removal rate (MRR), reducing tool wear and hole taper. Then the optimized parameters for higher Material 

Removal Rate from the Taguchi analysis have been used for analyzing the performance of zinc, silver and hard 

chrome coated copper electrode. Zinc and silver is coated over 0.47mm copper electrode by means of 

electroplating technique and hard chrome is coated over copper electrode by electroless plating technique at 

General Electroplating, Coimbatore. The coating thickness obtained for all the coatings are 3μm. The polarity 

used during the EDM experiment was workpiece “+ve” and tool “–ve” because tool wear is less in this case due 

to low sparking energy distribution at the cathode. The machining parameters and their levels that were used 

while machining for identifying optimized setting are listed in Table.2, 

 
Table 2: Machining Parameters and their Levels 

Machining Parameter Level 1 Level 2 Level 3 Level 4 

Peak Current, Ip (Amps) 1 2 3 4 

Pulse ON Time, Ton(μs) 2 4.8 8 12.8 

Pulse OFF Time, Toff (μs) 2 6 10.4 14.4 

 

Before and after each experiment, the tool and the workpiece is carefully weighed for calculating the 

material removed and the tool wear rate. Also, the diameters of the machined holes were measured using optical 

microscope. The experimental set up is shown in Figure 1. The detailed experiment conditions are listed in 

Table 3. L16 orthogonal array with corresponding results of material removal rate, tool wear rate and hole taper 

and the S/N ratio values obtained from Taguchi analysis is also presented in Table 4. 

 
Table 3: Experimental Condition for Micro EDM of Ti-6Al-4V alloy 

S. No Particulars Details 

1 Workpiece Ø 20mm× 2.5mm Ti -6Al -4V plate 

2 Tool Electrode Electrolytic Copper 

3 Dielectric Daphne cut HL-35 

4 Polarity Workpiece(+ve), Tool(-ve) 

 

 

 
Fig. 1: Experimental setup 

Tool holder 

Ti-6Al-4V  
Workpiece 

Dielectric supply 
 

Coated electrode 

     Fixture 
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RESULT AND DISCUSSION 

 

1. Effect of Process Parameters on MRR: 

In Taguchi analysis of MRR versus Pulse ON Time, Pulse OFF Time and Peak Current, larger the better 

condition is selected for signal to noise ratio, since higher MRR is desired during machining. From the graph 

obtained it has been found that at lower current value, the material removal rate is small because a portion of the 

electric discharge energy is used to vaporize the Ti-6Al-4V alloy at initial stage. But the discharge energy 

increases with increase in peak current and as a result material removal rate is higher at 4Amps. As Ton 

increases from 2.0µs to 8.0µs, the working time for material removal increases and hence, material removal rate 

also increases. But the formation TiC layer occurs after certain duration and the MRR starts decreasing with 

further increase in pulse ON time from 8 µs. It is also seen that MRR increases with increase in pulse OFF time 

because the effective removal of debris occurs as the pulse OFF time increases and as a result possibility of 

occurrence of unwanted secondary discharges are eliminated   From the Taguchi analysis it has been found that 

the peak current is the parameter most influencing MRR followed by pulse ON time and Pulse OFF time. The 

optimum parameters for higher MRR in micro EDM of Ti-6Al-4V alloy are Peak current of 4 Amps, Pulse ON 

time of 8 μs and Pulse OFF time of 14.4 μs.  
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Fig. 2: Taguchi Analysis of MRR Vs Peak Current, Pulse ON and Pulse OFF Time 

 

The mathematical equation framed for material removal rate from the regression analysis is provided 

below, 

 

MRR = - 0.00599 + 0.00820 IP+ 0.000296 TON +  0.000399 TOFF                    (1) 

 
Table 4: Experimental values and S/N ratio of MRR, TWR and Hole Taper. 

Peak 

Current 

(Ip), Amps 

Pulse on 
time, μs 

Pulse off 
time, μs 

MRR, 

mm3/min  x 

10-5 

TWR, 

mm3/min   x 

10-5 

Hole 
Taper 

S\N ratio values 

MRR TWR Hole Taper 

1 2 2 0.4321 0.0316 0.0314 -47.2883 70.0063 30.06141 

1 4.8 6 0.7200 0.0618 0.0306 -42.8534 64.1802 30.28557 

1 8 10.4 0.9316 0.0885 0.0293 -40.6154 61.0611 30.66265 

1 12.8 14.4 1.1200 0.0979 0.0354 -39.0156 60.1843 29.01993 

2 2 6 1.0550 0.116 0.0585 -39.535 58.6884 24.65688 

2 4.8 2 1.3760 0.144 0.135 -37.2276 56.7786 17.39332 

2 8 14.4 1.9810 0.158 0.0512 -34.0623 56.0104 25.8146 

2 12.8 10.4 1.7240 0.163 0.0371 -35.2693 55.7456 28.61252 

3 2 10.4 2.0200 0.191 0.0792 -33.893 54.3612 22.0255 

3 4.8 14.4 2.6200 0.179 0.0749 -31.634 54.8994 22.51036 

3 8 2 2.1950 0.223 0.0239 -33.1713 53.0144 32.43204 

3 12.8 6 2.4810 0.248 0.0073 -32.1075 52.1040 42.73354 

4 2 14.4 3.2100 0.283 0.1609 -29.8699 50.9428 15.86888 

4 4.8 10.4 3.5680 0.334 0.100 -28.9515 49.5017 20 

4 8 6 3.3890 0.343 0.161 -29.3986 49.2764 15.86348 

4 12.8 2 2.9130 0.318 0.0577 -30.7132 49.9515 24.77648 
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2. Effect of Process Parameters on TWR: 

Smaller the better condition is selected in Taguchi analysis of TWR for signal to noise ratio because it is 

desired to have lower tool wear rate while machining for getting accurate feature size. From the analysis it is 

clear that the peak current is the parameter most influencing TWR. As the value of Ip increases from 1 to 4 A, 

TWR increases sharply. Higher current produces higher energy density, which causes higher TWR. The value of 

TWR increases with increase in Ton value because; the effective machining time per cycle will increase with 

corresponding increase in spark energy, when the TON increases. Increasing the value of TOFF reduces machining 

time and this acts as a reason for higher TWR at higher pulse OFF time. The optimum parameters for lower 

TWR in micro EDM of Ti-6Al-4V alloy are Peak current of 1 Amps, Pulse ON time of 2 μs and Pulse OFF time 

of 2 μs which are shown in Figure 3.  
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Fig. 3: Taguchi Analysis of TWR Vs Peak Current, Pulse ON and Pulse OFF Time 

 

The mathematical expression obtained for tool wear rate from the regression analysis is presented below, 

  

TWR = - 0.000503 + 0.000815 IP+ 0.000047 TON + 0.000001 TOFF               (2) 

 

3. Effect of Process Parameters on Hole Taper: 

It is observed from the Figure 4 that with the increase in value of Ip, taper gradually increases because the 

spark energy increases and it results in higher TWR which in turn increase hole taper. It is also evident from the 

figure 4 that taper decreases with an increase in Ton value. With increase in pulse OFF time hole taper initially 

decreases and then increases because of larger electrode wear and shorter machining time. The optimum 

parameters for lower hole taper in micro EDM of Ti-6Al-4V alloy are Peak current of 1 Amps, Pulse ON time 

of 12.8 μs and Pulse OFF time of 6 μs 
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Fig. 4: Taguchi Analysis of Hole Taper Vs Peak Current, Pulse ON and Pulse OFF Time 

 

4. Effect of Coated Electrodes on Material Removal Rate: 

Since the objective of the study is to enhance the material removal rate, the optimized machining 

parameters which were used for analyzing the performance of coated electrodes are peak current of 4amps, 

pulse ON time of 2μs and pulse OFF time of 14.4 μs. Two trails have been conducted with every type of coated 

copper electrode and the averages of observations made are used for calculating MRR. From the results obtained 

it has been found that provision of 3μm thick zinc coating over 0.47mm copper electrode achieves maximum 

material removal rate followed by hard chrome and silver coating. Silver has been selected for coating because 

it has higher electrical and thermal conductivity than the copper and it is proved in its performance by providing 

higher MRR than the copper electrode. The concept of zinc coating is not new. [Tanabe et al, 2011] introduced 

the concept of peel off where the 100μm electrode material is coated with zinc for easy handling of miniature 

electrode. It has been found from the present study that zinc coating over copper electrode provides very high 

MRR of 1.783g/min which is 58.2% higher than the uncoated copper electrode for the same machining 

condition. This is because with zinc coating tends to peel off while machining and new undamaged layer is 

exposed during every spark and as a result better material removal rate has been achieved. Hard chrome coating 

also provides higher MRR than uncoated copper electrode. The tool wear rate obtained for uncoated copper 

electrode is found to be lesser than that of coated electrode. Coated electrodes achieves higher tool wear rate 

because the coating tends to peel off while machining.  Among three different coating, silver coating on copper 

electrode achieves lower tool wear rate. The image of machined work piece surfaces that are examined and 

measured under the optical microscope are presented in Figure 5. The details of MRR obtained using coated 

electrodes are listed in Table 5. 

 

  
(a)                                                                                                                (b) 

Fig. 5: (a) Front surface and (b) Back surface image of the machined sample at peak current of 2 Amps, pulse 

ON Time of 8μs and pulse OFF time of 14.4μs 
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(a)                                                                                                                  (b)  

Fig. 6: Optical Microscope Image of Copper Electrode (a) Before Machining and (b) After Machining 

 
Table 5: Performance of Coated Electrode for Optimized Machining Condition 

Electrode Type 

 
 

Machining Time, 
mins 

TWR, mm3/min          

(x 10-5 )           

MRR,                

mm3/min                   
(x 10-5) 

% 

Improvement 
in MRR 

Uncoated Copper Electrode 28 0.0439 3.618 Nil 

Silver Coated Copper Electrode 24.5 0.0679 5.0 38.2086 

Hard Chrome Coated Copper Electrode 26.75 0.0816 5.352 47.94 

Zinc Coated Copper Electrode 17 0.1456 5.722 58.177 

 

Conclusion: 

With an objective of improving Material Removal Rate (MRR) in Micro EDM of Ti-6Al-4V alloy, 

experimental trails have been conducted according to L16 orthogonal array using 0.5mm copper electrodes and 

optimized parameters for improving MRR and reducing TWR and hole taper have been identified. Then the 

performance of coated electrodes have analyzed from the optimum settings arrived for higher MRR. The results 

arrived from the experiments are presented below, 

1. Peak Current is the parameter most influencing MRR, TWR and Hole taper followed by Pulse ON time 

and Pulse OFF time. 

2. The optimum parameters for achieving higher MRR in micro EDM of Ti-6Al-4V alloy using copper 

electrode are peak current of 4Amps, Pulse ON time of 8 μs and Pulse OFF time of 14.4 μs. 

3. The optimum parameters for achieving lower TWR in micro EDM of Ti-6Al-4V alloy are Peak current 

of 1 Amps, Pulse ON time of 2 μs and Pulse OFF time of 2 μs. 

4. Among the three different coated electrodes zinc coated copper electrode achieves a maximum MRR of 

5.722 x 10-5 mm3/min for optimum MRR settings 

5. The material removal rate obtained by zinc coated electrode is 58.177% higher than that of uncoated 

copper electrode for the same machining conditions. 

6. Tool wear rate of coated electrodes are found to be higher than that of uncoated copper electrode 

because of peeling off of coating during machining.    
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