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Abstract: In recent years, the world of material science has observed a wide range of applications of Titanium alloys; especially Ti6Al4V, a 

grade-V alpha-beta titanium alloy; in biomedical instruments, automobile engineering, aerospace engineering, marine engineering, etc. 

Shaping this material by conventional machining processes is very difficult because of some of its properties, like high strength, high 

chemical affinity, etc. That’s why non-conventional machining processes, like electro-discharge machining (EDM), have been applied to 

shape the material. Past researches revealed that in EDM, both the quality of machining and machining rate deteriorate due to 

accumulation of debris in the machining zone. The present research has been focused to achieve better machining rate and machining 

quality by incorporating conical tool and vibration in the workpiece. The effects of, both vibration of workpiece and shape of the tool on 

material removal rate (MRR) and Diametric Over-cut (DOC), have been studied through a planned set of experiments. The result shows that 

MRR almost doubled using vibration assisted EDM. However, the DOC also increased due to vibration. On the other hand, the use of the 

conical tool resulted in increased MRR and a reduced DOC. The paper also includes analysis of the effects of peak-current and pulse-on-

time on MRR and DOC. 
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1. Introduction 

Ti6Al4V is a grade-V, α+β titanium alloy where aluminum acts 

as alpha stabilizer and vanadium as beta stabilizer. Beta phase of 

titanium having BCC crystal structure is more ductile than Alpha 

phase of titanium having HCP structure, but the strength of beta 

structure is higher than alpha structure. The properties of alpha-beta 

alloy, like Ti6Al4V stays in between of both. Ti6Al4V has some 

specific properties like high strength low weight, high corrosion 

resistance etc. Because of these properties, it has got extensive uses 

in biomedical instruments, automobile engineering, aerospace 

engineering, marine engineering, etc. The need of machining and 

shaping the material has increased due to its extensive use, but 

machining of this material with conventional machining processes 

is very hard due to its high strength and higher chemical affinity. 

That’s why non-contact type unconventional machining process, 

electro-discharge machining (EDM), has been employed to process 

this material. 

EDM, as shown in Fig.1, is a non-contact type electro thermal 

non-conventional machining process where spark is generated in 

between tool and workpiece to machine conductive materials and 

thus the material is eroded by melting and vaporization. The 

mechanical properties of materials have no influence in electro-

discharge machining as there is no contact in between tool and 

workpiece, though the thermal properties of the material play an 

important role. That’s why EDM has been employed to machine 

high strength materials, like Ti6Al4V.  

 
Fig. 1 Basic EDM scheme 

 

Though it has several advantages, the EDM process itself is 

very slow. The accumulated debris in between tool and workpiece, 

i.e. in the machining zone, deteriorates the quality of machining and 

also reduces the machining rate. 

 

In recent years, many researches have been carried out to 

overcome this problem and to improve the machining rate and 

quality. G.D’Urso et al.[1] observed the effect of different tool 

materials; like copper, brass and tungsten carbide; on machining 

micro-hole on workpiece material; like stainless steel, titanium, 

magnesium and brass. Two types of tool, cylindrical and tubular, 

were used there and their respective effects were observed. Vijay 

Vermaet al.[2]  studied the effects of different process parameters 

on machining characteristics in drilling through holes on Ti6Al4V. 

They also studied SEM images of machined surfaces. Dipraj Banik 

et al [3] observed the machining characteristics on Ti6Al4V and 

later optimized the results. Lin Gu et al.[4] used multi-hole inner 

flushing by using bundled electrode to remove debris in the 

machining zone easily. They observed better machining quality by 

doing so. M.P.Jahan et al.[5] studied the effect of low frequency 

vibration on EDM. They analyzed the hole accuracy, machining 

rate and surface quality and described a comparative study. A. M. 

A. Al-Ahmari et al.[6] combined laser beam machining with EDM 

to achieve better machining rate and quality. A pilot hole was 

drilled by LBM firstly; later the hole was finished by EDM. 

Luciano José Arantes et al[7] carried out abrasive jet electro-

discharge machining to enhance machinability. 

 

The present research has been focused to achieve better 

machining rate and quality in drilling through holes on Ti6Al4V 

workpiece by incorporating conical shaped tool and vibration in 

workpiece. The effect of both, shape of the tool and workpiece 

vibration, on material removal rate (MRR) and diametric overcut 

(DOC) have been studied here and the interaction effects of shape 

of the tool and workpiece vibration have been analyzed. The paper 

also includes analysis of the effect of peak current and pulse-on-

time on MRR & DOC. Moreover the qualities of drilled holes have 

been explored. 

 

     2. Experimental Set-Up 

There are three parts of experimental set-up. These are: the 

basic electro-discharge machine, an external device for workpiece 

vibration and the specially designed tool. 

      2.1 Electro-discharge Machine 

In the present research, ZNC electro-discharge machine along 

with, Ferrolac 3M EDM oil with side-jet flushing arrangement has 

been used. 

 

      2.2 Workpiece Vibration Device 

Fig.2 shows the workpiece vibration device with work holding 

arrangement. The amplitude of vibration (a) = 4µm and the 

frequency = 400Hz.  
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           Fig. 2. (a)Workpiece vibration unit (b) schematic of vibration 

 

2.3 Material 

 

Ti6Al4V has been used as workpiece material here. The 

workpiece has been sliced in wire-EDM in a square shape of 25mm 

X 25mm with 1mm thickness. 

Two types of specially designed copper tools have been used as 

shown in Fig.3, one is cylindrical tool and the other one is right 

circular conical shaped tool with aperture angle of  (θ) 500. 

 

 
Fig. 3 EDM tool (a) cylindrical tool (b) right circular conical shaped tool 

 

3. Experimental Procedure 

First the work piece material was sliced in wire-EDM and the 

tool was made inform of  the conical shape as per the required 

aperture angle. Then, the workpiece vibration device was fixed at 

the machine base and the workpiece was fixed properly on the work 

holding device of the workpiece vibration device. After that, the 

tool of proper shape was fixed in the machine head and the finally 

the through hole was drilled on workpiece setting the process 

parameters properly. Then, the process was repeated for next set of 

experiments according to the experimental plan. The machining 

performances were evaluated by value of the response parameters, 

material removal rate (MRR) & diametric overcut (DOC). Further 

the hole surfaces were observed by optical microscope. 

Material removal rate (MRR): 

 
                                                                                  -----------------(1) 

Diametric Overcut (DOC): The difference between top diameter 

of the hole (Dtop) (or entry diameter) and tool diameter (Dtool) (as 

shown in Fig.4) is defined as diametric over-cut (DOC). 

 
                  Fig. 4 Drilled hole characteristic 

 

Here, a full factorial set of experiments has been carried out. 

Table.1 shows the factors selected for experimentation and the 

levels of each experiment. 

 
Table.1 Parameters & Levels 

Process 

Parameters 

Level 1 Level 2 Level  3 

Pulse on 

time(µs)(Ton) 

10 15 30 

Peak current 

(amp) (Ip) 

5 7 __ 

Aperture angle 

(degree) (θ) 

180 

(cylindrical) 

50 

(cone shaped) 

__ 

Vibration (f) Without 

Vibration(0) 

With vibration(1) __ 

 

4 Results & Discussions 

 

The experimental results based on the planned DOE are 

tabulated below. 

Table.2. Experimental results 

Sl No f θ 
 

Ip Ton 
 

   MRR 
(mg/min) 

DOC 
(µm) 

1 0 0 5 10 0.5002 98.5 

2 0 0 5 15 0.7673 109.5 

3 0 0 5 30 0.7262 152.1 

4 0 0 7 10 0.6694 130.0 

5 0 0 7 15 0.8434 148.0 

6 0 0 7 30 0.9221 184.0 

7 0 50 5 10 0.7229 76.0 

8 0 50 5 15 1.2803 103.0 

9 0 50 5 30 1.0807 126.0 

10 0 50 7 10 0.8126 87.0 
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11 0 50 7 15 1.5140 131.0 

12 0 50 7 30 1.5051 121.0 

13 1 0 5 10 0.9000 202.0 

14 1 0 5 15 1.6080 224.0 

15 1 0 5 30 1.5489 275.0 

16 1 0 7 10 1.4169 246.0 

17 1 0 7 15 2.6000 295.0 

18 1 0 7 30 2.5625 330.0 

19 1 50 5 10 1.6790 182.0 

20 1 50 5 15 2.9100 206.0 

21 1 50 5 30 2.5418 242.0 

22 1 50 7 10 2.3906 209.0 

23 1 50 7 15 3.8024 251.0 

24 1 50 7 30 3.4418 252.0 

      4.1 Analysis of MRR 

  The ANOVA for MRR is in table 3. 

   Table.3. Analysis of variance for MRR 

Source DF Adj SS Adj MS F Value P Value 

f 1 10.743 10.743 1373.6 0.000 

θ 1 3.0934 3.0934 395.51 0.000 

Ip 1 1.6097 1.6097 205.81 0.000 

Ton 2 2.8035 1.4018 179.23 0.000 

f x θ 1 0.5528 0.5528 70.68 0.000 

f x Ip 1 0.6136 0.6136 78.45 0.000 

f x Ton 2 0.5504 0.2752 35.19 0.000 

θ x Ip 1 0.0035 0.0035 0.44 0.523 

θ x Ton 2 0.1547 0.0773 9.89 0.005 

Ip x Ton 2 0.713 0.0356 4.56 0.043 

Error 9 0.0704 0.0078 __ __ 

Total 23 20.266 __ __ __ 

R-sq= 99.65%      R-sq(adj)=99.11%     R-sq(pred)=97.53% 

 

Table.3 shows that all the p-values, except in case of interaction 

between aperture angle & peak-current, are in well below 

permissible range which is 0.05. Comparing the F-values, it is 

observed that F-value for vibration is way above than others. That’s 

why, vibration has the maximum effect on MRR. 

Fig.5 shows the mean effect of process parameters on MRR.  

 

Figure 5. Main Effect Plot for MRR 

Fig.5. shows that by applying work piece vibration the MRR 

has been almost doubled. In case of vibration, during the period of 

upward acceleration of workpiece, the debris in between tool & 

workpiece are pushed out of the machining zone. It makes the 

machining process  more stabilized, the number of secondary spark 

decreases and thus higher percentage of total energy has been 

utilized to remove intended material. Also, continuous up-down 

movement of the workpiece results in the formation of vapor 

bubbles in a low-pressure region that bursts and finally contributes 

to material removal due to the cavitation effect. 

 

 

Fig.6. Drilling through hole with (a) Cylindrical tool (b) conical shaped 
tool 

It has been observed that use of conical tool resulted in higher 

MRR. In case of conical tool, as shown in fig.6, the tool drills a 

conical hole first, and then in the 2nd stage the vertical portion of the 

tool finishes the hole drilling a cylindrical shape through hole. In 

the 1st stage, during conical hole drilling as the tip of the tool faces 

the workpiece, the energy density at the tip of the tool is very high 

and thus the material removal is also high. In the 2nd stage, the 

dielectric drains out through the hole which created in the 1st stage. 

This dielectric subsequently clears the debris from the machining 

zone. Thus, removal of debris from the machining zone makes 

machining more stabilized and increases the MRR. As in both of the 

stages the removal rate increases, the overall MRR of the process 

increases too. 

As the peak current increases, the energy input also increases. 

That’s why, the MRR also increases. 

Fig.5 exhibits that, as the pulse-on-time increases from 10μs to 

15μs, MRR increases sharply. As the pulse on time increases the 

discharge energy per pulse also increases and as the discharge 

energy increases the MRR increases. But, further as the pulse-on-

time increases from 15μs to 30μs the MRR slightly decreases. As 

the discharge energy increases the size of the debris also increases. 
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These large sized debris are very difficult to flush out. Thus the 

debris, accumulated in the machining zone, retard the machining 

rate. 
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Figure 7. Surface Plot of MRR vs. aperture angle, vibration 

The vibration and the aperture angle are the two parameters 

mainly emphasized in the research. That’s why, the surface plot for 

these parameters has been shown in Fig.7. It is observed that, they 

don’t have any significant interaction effect. The maximum MRR 

has been achieved when the tool is conical shaped and the 

workpiece have been vibrated. 

 

     4.2 Analysis of DOC 

      Table.4 shows the ANOVA table for DOC. 

Table.4 Analysis of variance for DOC 

Source DF Adj SS Adj MS F-Value P-Value 

f 1 87351 87351 2082 0.000 

θ 1 6939 6939 165.45 0.000 

Ip 1 6269 6269 149.48 0.000 

Ton 2 12757 6378.5 152.07 0.000 

f x θ 1 112 112 2.68 0.136 

f x Ip 1 562 562 13.39 0.005 

f x Ton 2 293 146.5 3.49 0.075 

θ x Ip 1 1013 1013 24.14 0.001 

θ x Ton 2 855 427.5 10.19 0.005 

Ip x Ton 2 560 280 6.67 0.017 

Error 9 377 41.9 __ __ 

Total 23 117088 __ __ __ 

R-sq=99.68%         R-sq(adj)=99.18%       R-sq(pred)=97.71% 

 

 

Table.4 shows that all the p-values, except in case of interaction 

in between vibration & aperture angle and interaction between 

vibration & pulse-on-time, are in well below permissible range 

which is 0.05. Work piece vibration has the maximum effect on 

DOC, as the F-value for vibration is the highest. 

Fig.8 shows the mean effect of different process parameters on 

DOC 

 

Figure 8. Main Effect Plot for DOC 

       From fig.8 it has been observed that as vibration increases DOC 

also increases. As shown in fig.9, there are two types of vibration, 

one is longitudinal which is desired and another is transverse which 

is not desired. Due to the erroneous inclusion of transverse 

vibration, the diameter of machined hole increases, which increases 

the DOC. 

 

 

                  Figure 9. Direction of Vibration 

Fig.8 shows DOC decreases due to the use of conical shaped 

tool. In case of cylindrical tool, there is a continuous interaction in 

between tool and final machined surface as shown in fig.6(a), but in 

case of conical shaped tool, the tool interacts with final machined 

surface only during 2nd stage which is very less than in case of 

cylindrical tool. That’s why, in case of conical shaped tool, the final 

machined surface is exposed to side sparks for less time than 

cylindrical tool. Because of that, the DOC is less in case of conical 

shaped tool. 

Fig.8 also shows as the peak current is increased, DOC also 

increases. As the peak current increases, the energy of the spark 

increases, simultaneously energy of side spark increases which 

ultimately increase the size of the hole and thus the DOC increases. 

Also, the DOC increases as the pulse-on-time increases in a 

same way. 

      4.3 Machined Surface Analysis 

      Figure 10 & 11 shows the optical microscopic view of the 

machined surfaces at different parameter settings. 

        It has been observed from the Fig.10 that hole quality has been 

improved using the conical tool; as in case of cylindrical tool there    

is a continual interaction between the tool and machined hole, but in 

case of  conical shaped tool, the tool interacts  with final machined 
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Figure 10. Microscopic view of machined surface for parametric setting 
TON=10µs, Ip=5A, without vibration 

(a)Cylindrical tool 

(b)Conical shaped tool 

 

surface only during 2nd stage of machining as shown in Fig.6. It has 

also been observed from Fig.4 that in case of cylindrical tool the 

lower diameter is much lower than the upper diameter, i.e., the hole 

has a severe tapering action in case of cylindrical tool without 

vibration. It is also significant to observe that in both cases the hole 

has a substantial recast layer. 

 

Figure 11. Microscopic view of machined surface for parametric setting 
TON=10µs, Ip=5A, with vibration 

 (a)Cylindrical tool 
(b)Conical shaped tool 

 

     It is observed from the main effect plot of MRR that MRR has 

increased substantially using workpiece vibration, i.e., the 

machining time has been reduced. Because of that, the interaction 

time between tool and machined surface has also been reduced. 

Also due to workpiece vibration, the debris has been efficiently 

removed and thus the number of secondary sparks has been 

decreased. Because of this reason, it has been observed from Fig.11 

that using vibration, the quality of hole has been improved a lot, 

both in case of cylindrical and conical shaped tool. Recast layer in 

this case almost has been diminished. 

      5. Conclusions 

      In the present research Ti6Al4V alloy, has been successfully 

machined. The effects of both, workpiece vibration and shape of the 

tool has been analyzed to achieve better machining rate and quality 

and from the study following conclusions have been drawn: 

 The MRR almost has been doubled by the application of 

workpiece vibration, 

 The MRR also has been substantially increased by using 

conical tool, 

 It is also observed that peak current and vibration do not have 

any interaction effect on MRR. The maximum MRR has been 

achieved by using conical tool and vibrated workpiece, 

 MRR has been increased with the increase of peak current, 

 As pulse-on-time increases from 10µs to 15µs the MRR has 

been increased, but after that it has been decreased slightly, 

 Workpiece vibration has a significant effect on DOC & it has 

been adversely increased by the application of work piece 

vibration because of error in vibration. Reduction in the  error 

in vibration challenge to designing the work piece vibration 

device is to be undertaken. 

 DOC has been decreased by using conical tool. 

 It is observed that the DOC is minimum when no vibration has 

been applied and conical tool has been used. 

 DOC has been increased with the increase of peak-current and 

pulse-on-time. 

 It is observed that hole quality has improved slightly by using 

conical tool and the tapering of the machined hole also has 

been reduced by using conical tool. 

 It is also observed that the recast layer almost has been 

removed by incorporating workpiece vibration. 
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