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Abstract: Near-dry electric discharge machining (EDM) and dry EDM are the process variants of the EDM 
process. This article presents experimental investigation on near-dry and dry EDM to achieve the high material 
removal rate (MRR), and low tool wear rate (TWR) on Inconel 718. Two-phase dielectric (liquid and air) was 
utilized in near-dry EDM while only air was used in dry EDM. L9 orthogonal array was used to determine the effect 
of pulse current, pulse on time, pulse off time and gap control on MRR and TWR in near-dry and dry EDM. 
Experimental results reveal that near-dry EDM achieved higher MRR while dry EDM obtained lower TWR. 
Key words: Electric discharge machining, Material removal rate, Tool wear rate. 
 
Optimizacija i poređenje skoro-suve EDM i suve EDM obrade INCONEL-a 718. Skoro - suva elektro erozivna 
obrada (EDM) i suva EDM obrada su varijante EDM procesa. Ovaj rad predstavlja eksperimentalno istraživanje 
na skoro-suvom i suvom EDM procesu u cilju postizanja velike proizvodnosti (MRR) i niskog trošenja alata (TVR) 
pri obradi INCONEL-a 718. Dvofazni dielektrikum (tečnost i vazduh) je korišćen pri skoro suvoj EDM obradi dok je 
kod suve EDM korišćen samo vazduh. L9 ortogonalni plan eksperimenta je korišćen da se odredi uticaj struje 
impulsa, dužine impulsa, vreme pauze i veličinu zazora na MRR i TVR u delimično suvoj i suvoj EDM obradi. 
Eksperimentalni rezultati pokazuju da skoro suva EDM obrada postiže veću proizvodnost dok suva EDM obrada 
daje manje trošenje alata. 
Ključne reči: Elektro erozivna obrada, proizvodnost, trošenje alata. 
 
1. INTRODUCTION 
 
  Electrical discharge machining (EDM) has become 
a well-known non-conventional machining process 
because of its widely application in die making 
industries, aerospace and surgical equipment 
manufacturing industries [1]. Inconel 718 is a high 
strength, temperature resistant nickel-based super alloy. 
It is widely used in aerospace industries. It is difficult 
to machine, because of its poor thermal properties, high 
toughness, high hardness, presence of highly abrasive 
carbide particles and strong tendency to weld with the 
tool to form build up edge [2]. EDM process is based 
on removing material from a part by means of a series 
of repeated electrical discharges between tool called the 
electrode and the work piece in the presence of a 
dielectric fluid. The material is removed with the 
erosive effect of the electrical discharge from tool and 
work piece [3]. EDM also has the advantage of being 
able to machine difficult-to-cut material like Titanium, 
Inconel etc. However, its low machining efficiency, 
higher tool wear rate (TWR), poor surface finish and 
environmental pollution constrained its further 
applications. The EDM process utilizes hydrocarbon 
oils as dielectric medium. This dielectric medium 
results in serious toxic fumes and pose a health hazard 
to machine operator [4]. 

Near-dry and dry EDM are the process variants of 
the EDM process. Both are the environmental friendly 
process. Theses processes do not produce toxic fumes 
and consequent health hazards. Near-dry utilizes liquid-
air mixture as dielectric medium and dry EDM uses 

high velocity air or gases as dielectric medium through 
a tubular electrode. 

NASA published first research paper on dry EDM 
process in 1985. It was reported that the EDM drilling 
could be feasible with gases if argon and helium used 
as the dielectric medium [5]. Kunieda et al. [6] 
investigated that MRR improves with oxygen dielectric 
medium. It also reported that the high velocity gas flow 
through hollow tool electrode improves debris flushing 
from IEG. Kunieda et al. [7] reported that the accuracy 
of machined surface deteriorates with the debris 
deposition. 

Near-dry EDM was reported by Tanimura et al. in 
1989 first time [8]. Further Tao et.al [9] reported that 
liquid phase in the dielectric medium enhances debris 
flushing and eliminates debris reattachment. This 
results in the better surface finish and increases process 
efficiency in the near-dry EDM. Better surface finish 
obtained in near-dry EDM as compared to the wet and 
dry EDM at the same discharge energy level [10]. 

In this comparative study near-dry and dry EDM 
were investigated to analyze the effect of current, pulse 
on time, pulse off time and gap control on MRR and 
TWR. Taguchi’s L9 orthogonal array was used for 
design of experimentation.  
 
2.  EXPERIMENTAL SETUP 
 
2.1. Material and Methods  

The experiments were conducted on the EMS 5030 
die sinking EDM by Electronica India. An attachment 
was designed and fabricated in house for a dielectric 
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mixing unit for near-dry EDM process. This attachment 
was placed on the tool holder head. It mixes up liquid 
with air. The liquid dielectric fluid was supplied to the 
dielectric mixing unit at a constant flow rate. The air 
was supplied to the mixing unit at a regulated pressure, 
subsequently this air-water mix dielectric was injected 
through tubular electrode between the inter electrode 
gap (IEG). In case of dry EDM only air was supplied at 
IEG. 

The flow rate of the water was constantly maintained 
at 5 ml/min and air pressure was regulated at 5.62 
kg/cm2 during experimentation. Figure 1 shows a 
schematic of near-dry EDM setup. In the present work, 
tubular electrode of copper with external diameter 5.5 
mm and internal diameter 3 mm has been used to drill 
Inconel 718 material at 10 mm depth. 

 
Fig. 1. Schematic of Near-dry EDM setup 
 

2.1 Process Parameters 
The selection of process parameters was based on 

literature review and subsequently pilot 
experimentation. The following parameters were 
selected to study their effect on performance measures 
of the near-dry and dry EDM process. 

  Pulse current (Ip) 
  Pulse-on time (Ton)  
  Pulse-off time (Toff) 
  Gap control  

These parameters were used at 3 levels (Table 1). The 
parameters that were kept constant during 
experimentation are also tabulated in Table 1. 
 

S. No Variable  
Code Level 

1 
Level 

2 
Level 

3 
1 Current (A) A 12 15 21 
2 Ton (µs) B 400 500 700 
3 Toff setting C 4 5 6 

4 
Gap control 

setting 
D 4 5 6 

Constant    
Lift   : 5  
Voltage  : 60 V 
Tool  : 99.9% Copper tube 
Workpiece  : Inconel 718 (10 mm thick) 
Polarity  : Straight (+) 
Liquid  : water (5 ml/min) 

Table 1. Process parameters and their levels  

A standard Taguchi orthogonal array L9 was used to 
study this four factor system. The 9 experiments were 
performed on the trial conditions with near-dry EDM 
and dry EDM given in Table 2. Data from a designed 
experiment is traditionally used to analyse the mean 
response. 

Table 2. Experimental design matrix for near-dry and 
dry EDM 

 
3.  RESULT AND DISCUSSION 

 
The average value of MRR and S/N ratios for each 

parameter were calculated and tabulated in Table 3 for 
near dry EDM. The effect of each parameter on MRR 
is plotted in Figure 2. The higher MRR is desirable, so 
the parameter at levels A3, B3, C2 and D1 are best 
choice with respect to both mean response and 
variation.  

 

Average value of QC Parametric 
designation Level 1 Level 2 Level 3 

A 1.624 2.127 4.120 
B 2.185 2.636 3.051 

MRR   
(raw 
data) 

C 2.557 2.885 2.430 
 D 2.791 2.431 2.650 

A 4.099 6.534 12.166 
B 6.142 7.782 8.875 
C 7.202 8.158 7.440 

 
MRR   
(S/N 
data) D 7.534 7.385 7.881 

Table 3. Average value of raw data and S/N data for 
near-dry EDM and dry EDM 

 

 
Fig. 2. Curve showing the effect of process parameters 

in near-dry EDM 

Process 
parameterTrial 

No. 
A B C D 

Near-dry 
EDM Avg. 

MRR 
(mm3/min) 

Dry EDM 
Avg. 
MRR 

(mm3/min
1 12 400 4 4 1.286 1.236
2 12 500 5 5 1.704 1.522
3 12 700 6 6 1.883 1.649
4 15 400 5 6 2.087 1.960
5 15 500 6 4 2.112 2.300
6 15 700 4 5 2.294 2.192
7 21 400 6 5 3.294 2.439
8 21 500 4 6 4.091 2.898
9 21 700 5 4 4.976 3.129
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Analysis of variance (ANOVA) was performed for 
experimental results (Table 4) using the help of 
Qualitec software.  ANOVA of raw data revealed that 

contribution of current was highest towards MRR in 
near-dry EDM. The analysis of S/N data also produced 
the similar results. 

  
Source DOF SS V F- ratio S' % P 

A 2 31.365 15.682 2345.127 31.351 86.013 
B 2 3.374 1.687 252.334 3.361 9.222 
C 2 .994 0.497 74.382 0.981 2.692 
D 2 .594 0.297 44.469 0.581 1.595 

MRR 

Error 18 .120 0.006   0.478 
A 2 102.718 51.359  102.718 88.589 
B 2 11.357 5.678  11.357 9.794 
C 2 1.485 0.742  1.485 1.281 
D 2 0.387 0.193  0.387 0.334 

S/N 
Data 

Error 0      
Table 4. ANOVA for near-dry EDM 

 

Average value of QC Parametric 
designation Level 1 Level 2 Level 3 

A 1.469 2.594 2.822 
B 2.155 2.407 2.323 

MRR   
(raw 
data) 

C 2.109 2.480 2.296 
 D 2.389 2.051 2.446 

A 3.248 8.214 8.959 
B 6.153 7.248 7.021 
C 5.962 7.45 7.01 

 MRR   
(S/N 
data)  

D 6.896 6.039 7.487 
Table 5. Average value of raw data and S/N data for dry 

EDM 
 

 

 
Fig. 3. Curve showing the effect of process parameter in 

dry EDM 
 

Source DOF SS V F- ratio S' % P 

A 2 9.447 4.723 650.203 9.432 83.356 
B 2 0.296 0.148 20.377 0.281 2.488 
C 2 0.622 0.311 42.861 0.608 5.374 
D 2 0.819 0.409 56.388 0.804 7.111 

MRR 

Error 18 0.129 0.007   1.671 
A 2 57.831 28.915  57.831 86.933 
B 2 2.003 1.001  2.003 3.011 
C 2 3.509 1.754  3.509 5.275 
D 2 3.179 1.589  3.179 4.779 

S/N 
Data 

Error 0      
Table 6. ANOVA for dry EDM 

  
For dry EDM, the average values of MRR and S/N 
ratios for each parameter were calculated and tabulated 
in Table 5. The effect of parameter on MRR is shown 
in Figure 3. Maximized MRR is desirable, hence the 
parameter values at levels A3, B2, C2 and D3 are best 
choice with respect to both mean response and 
variation. Table 6 shows ANOVA for dry EDM. 
 
3.1. Estimation of MRR at optimum condition for 

near-dry EDM and dry EDM 
Recommended levels of factors for higher MRR are 

A3, B3, C2 and D1. MRR at optimum condition can be 
computed as: 

μMRR = A3 + B3 + C2 + D1 – 3X̿MRR (1) 
Where  
μMRR is mean value of MRR, 

X̿MRR = 2.624 mm3/min, 
A3, B3, C2 and D1 are the average value of MRR 

(Table 3). 
So μMRR = 4.975 mm3/min 

Therefore, the expected increase in MRR at optimum 
machining conditions is 89.60% over the current 
average MRR (2.624 mm3/min). 
CI for the predicted value of μMRR can be calculated as: 

 













Rn
VfFCI

eff
ee

11
,1   (2) 

Where 
Error DOF (fe) = 18 and Error variance Ve = 0.006 
(Table 4), R = sample size of confirmation experiment 
= 3 
At the 95% CI for the expected optimum MRR in near-
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dry EDM is 4.842 < μMRR < 5.108 mm3/min.  
Similarly process follow for estimation of MRR at 

optimum condition in dry EDM. 
X̿MRR =  2.295 mm3/min, and μMRR = 3.270 mm3/min. 
At the 95% CI for the expected optimum MRR in dry 

EDM is 3.127 < μMRR < 3. 413 mm3/min. 
 
3.2. Analysis of MRR in Near-dry  

Contributions of current and pulse on time (Ton) 
towards the MRR are 86.013% and 9.222% 
respectively (Table 4). MRR increases with increase in 
current and Ton (Figure 2). The increase in pulse current 
results in increased heat intensity and increase in Ton 
increased sparking time at inter electrode gap (IEG). 
These results in more material to melt in molten puddle 
and thus MRR increases. This result concurs with 
findings of Tao et al. [11]. 

Contribution of pulse off time (Toff) is 2.692%. MRR 
increases with an increase in Toff at a certain level and 
then decreases. It was occurred due to increase in Toff 
provides sufficient time to flushing at IEG. It flushes 
out debris effectively from the working gap and 
efficient sparking occurs between electrodes, which 
subsequently enhances MRR. However, higher level of 
Toff, reduces sparking time per cycle so that heat 
generated at workpiece per cycle decreases and 
therefore less material gets eroded from workpiece. 

Contribution of gap control setting towards MRR is 
1.595%. MRR decreases with an increase in gap 
control setting up to a certain point and then increases. 
Dielectric gets more space in IEG to flush away the 
debris and therefore proper sparking occurs which 
results in increased MRR. However, if gap is further 
increased, then plasma would expand due to which heat 
intensity at the least IEG decreases and therefore MRR 
reduces. 
 
3.3. Analysis of MRR in Dry EDM  

Contribution of pulse current is 83.356% towards 
MRR. The contribution of Ton is 2.488% towards MRR 
(Table 6). MRR increases with Ton up to a certain 
point and then decreases (Figure 3). At higher value of 
Ton, spark energy is higher (since spark energy is 
directly proportional to Ton) so large discharge craters 
are formed on work surface and therefore more 
material removed per spark. Further increase in Ton 
then Toff also reaches to a higher value (since Toff is 
proportional to Ton) and therefore non-machining time 
increases due to which MRR is reduced.  
The contribution of Toff setting is 5.374% towards 
MRR (Table 6). MRR increases with Toff  up to a 
certain point and then decreases (Figure 3).  

The contribution of gap control setting is 7.111% 
towards MRR. 
  
3.4. Analysis of TWR in Near-dry and Dry EDM 

In this investigation, it was found that TWR was 
approximately negligible in both EDM. Because wear 
ratio of the process was less than one percent. It can be 
considered as satisfactory.  

     
3.5. Confirmation Experiments 

The confirmation experiment is the final step in 

verifying the conclusions drawn based on Taguchi’s 
parameter design approach. Three trial experiments 
were performed at the optimum levels of the process 
parameters, which was obtained by this investigation. 
At this optimum setting of process parameters of near-
dry EDM and dry EDM, average value of MRR was 
4.896 mm3/min and 3.149 mm3/min (Table 7) 
respectively. It was close to the predicted value of 
5.108 mm3/min and 3.413 mm3/min respectively.  This 
result was within the 95% confidence interval (CI) of 
the expected optimal value of quality characteristics. 
 

Process Process parameters 
 A B C D 

Avg. MRR 
(mm3/min) 

Near-dry EDM 21 700 5 4 4.896 
Dry EDM 21 500 5 6 3.149 

Table 7. Results of confirmation experiments 
 
3.6. Comparison of Near-dry and Dry EDM  
 

 
Fig. 4. Comparison of near-dry EDM and dry EDM for 

MRR 
 

Fig. 5. Response curve showing the effect of process       
parameters on TWR for wet, near-dry and dry EDM  
  
Experiments were performed on the same input 
parameters setting for near-dry EDM and dry EDM. 
Comparison of results are shown in Figure 4 and 5. It 
was observed that MRR in near-dry EDM is more than 
the dry EDM. However TWR in dry EDM is less than 
the near-dry EDM. It was occurred due to the debris 
reattachment on the tool tip and consequent over cut on 
the work piece. This is severe problem in dry EDM 
process. Effective flushing of debris at IEG in near-dry 
EDM provides higher MRR.  
 
4.  CONCLUSION  

 
 Based on the experimental results following 
conclusions was drawn for the effective machining of 
Inconel 718 in near-dry EDM and dry EDM process. 
 Discharge current was the most significant factor in 

both EDM process. In near-dry EDM contribution of 
current towards MRR was highest followed by Ton, 
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Toff  and gap control. While in dry EDM current was 
highest followed by gap control, Toff  and Ton. 

 Near-dry EDM provided higher MRR than dry EDM. 
 TWR was negligible in both EDM process. 
 Near-dry EDM and dry EDM are environment 

friendly processes. 
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