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The objective of the experimental work is to enhance the machining capability of electrical 
discharge machining by suspending equal proportion of metal powders such as, molybdenum, nickel, 
and chromium in EDM 30 oil. Three different control factors such as peak current, pulse on time and 
powder concentration were varied to analyze the response factors namely material removal rate, surface 
roughness and radial overcut. The cause of powders concentration on material removal rate (MRR), 
surface roughness (SR), and radial overcut (ROC) have been investigated. An electron dispersive 
spectroscopy was utilized to investigate the surface revealed the deposition of nickel and chromium 
in the machined surface. Machined surface was focused to atomic force microscopy and scanning 
electron microscopy. Analysis of variance (ANOVA) results showed that peak current is the foremost 
factor in affecting MRR, SR and ROC.

Keywords: Powder mixed EDM, Rene 41, Radial overcut, Atomic force microscopy, Powder 
concentration.

Introduction
Electrical discharge machining process (EDM) is an 

unconventional process becomes familiar due to their unique 
merits over other machining process. Conductive materials 
of any hardness could be cut1 EDM is a process that uses a 
regulated applications and there is no vibration, mechanical 
stress and chatter during machining2. Conventional machining 
process faced difficult to make intricate shapes and cavities, 
whereas EDM proved as a suitable process to achieve 
intricate shapes easily. Inconel, Nimonic, Rene, Uidmet and 
Pyromet are the commercial available alloy. Nickel based 
super alloy, Rene 80, possess high temperature strength, 
oxidation resistance, corrosion resistance and chemically 
stability. Nickel based super alloy’s machinability is poor 
due to various reasons namely, rapid work hardening ability, 
hard carbides causes abrasion wear, excess spalling and poor 
diffusivity of nickel alloy3,4. Rene 41 and Rene 45 are the 
commercial available nickel based super alloy.

Powder mixed EDM (PMEDM) is the process of mixing 
powder in dielectric fluid to improve the capabilities of 
EDM by increasing the breakdown potential of dielectric 
fluid5,6. Kerosene was used as dielectric and graphite powder 
was mixed in dielectric to reduce the breakdown potential 
in order to achieve high MRR7. Contrary to this, another 
investigation did not shown any chemical reaction while 
using graphite powder with dielectric8. Nano alumina 
powder inclusion in dielectric caused better surface 
topography with major reduction in micro crocks9 Quality 
of the surface was determined by crack density, refinement 
of grains, surface texture, micro hardness, and formation 

of recast-layer10. PMEDM of inconel 718 using graphite 
powder in dielectric resulted in smoother surface finish 
with less surface crack density. Powder concentration (6g/l) 
resulted in improves surface topology with lesser residual 
stress11. The higher powder concentration has been reduced 
the MRR due to agglomeration and bonding of balanced 
particles in the inter-electrode distance12. However, surface 
roughness (SR) declined to some extent up to certain powder 
concentration, and then started to increase with raise in 
powder concentration13. The existence of semi-conductive 
graphite nano-powders in the dielectric has been proven 
to greatly improve the surface finish, increase the MRR, 
and lower the EWR14. At particular machining conditions, 
aluminium and graphite powder offered a enhanced surface 
finish in EDM of steel than silicon powder15. In addition to 
powder-mixed EDM of various steels, Kung et al.16 recently 
investigated the conventional powder-mixed EDM and its 
outcomes of MRR and EWR were analyzed17. The efficiency 
of the machining was enhanced due to the accumulation of 
titanium powder during powder mixed EDM of die steels18. 
Normally, the surface texture was affected by white layer 
thickness. It was reduced in powder mixed machining of 
silicon steel and substance properties were also enhanced19. 
The surface hardness, white layer thickness and its defects 
were analyzed in powder mixed EDM using micro size of 
titanium powders20. In powder mixed EDM of die steels, the 
powder concentration was the most powerful factor on MRR 
and SR21. The surface integrity and Taguchi optimization 
were investigated on WEDM of Ti-6Al-4V. The surface 
morphology was better than before wire cutting process22. 
Low discharge energy was provided the better surface finish 
during WEDM of Monel alloy23.*e-mail: sabaree1987@gmail.com
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The novelty of work is to focus on the machining behavior 
of Rene 41 alloy using powder mixed EDM. In addition to 
that, surface characterization has been investigated using 
atomic force microscopy and SEM. Elemental powders of 
molybdenum, nickel and chromium was analyzed through 
SEM image.The optimal set of factors has been found using 
Taguchi approach.

2. Materials and Methods
The experimental work was carried out using die sinking 

EDM machine ECOWIN (Taiwan) make. Rene rectangular 
plate of dimension 75mm X 50mm X 8mm was considered 
as the work piece. The cylindrical electrolyte copper rod of 
diameter 10mm was used as tool electrode. EDM oil was 
used as the dielectric fluid. Three elemental powders of 
molybdenum, nickel and chromium were added in equal 
proportion by weight. The scanning electron microscopy 
results of molybdenum, nickel and chromium were shown 
in Figure 1a-c.

The Figure 2 demonstrates the experimental arrangement 
of PMEDM. The blind hole of 4mm depth was drilled by 
using copper electrode. The stirrer attached with motor of 
1 HP was used to mix the powders homogeneously with 
dielectric fluid. Heavy debris removed during machining 
was collected in debris collector. Three input EDM control 
parameters namely, peak current, pulse on time, and 
powder concentration were preferred based on the trial 
runs. The experimental conditions are enlisted in Table 1. 
An L9 orthogonal Taguchi array was used to conduct the 
machining process. Three responses for the investigation 
are surface roughness, material removal rate and radial 
overcut. The experimental outcomes were evaluated with 
respect to the control factors and it’s shown in Table  2. 
The average surface roughness (Ra) of the machined surface 
was measured using Mitutoya SJ 400. Material removal rate 
was calculated by using Equation 1 and expressed in mm3/
min. Radial overcut was calculated using E 2.
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Figure 1. Elemental powders of molybdenum, nickel and chromium.
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Where Wloss is weight difference of plate before and after 
the process which is expressed in mm3/ min, ρ is the density 
of the work piece and t is the machining time in minutes.

bf afD D
ROC

2
−

=  	 (2)

Where Dbf is the diameter of the hole produced and Daf is 
the diameter of the tool electrode, respectively.

3. Results and Discussions

3.1 SEM and AFM analysis of machined surfaces
Figure 3a-b shows the SEM results of PMEDM machined 

surface. From Figure  3a, it is obvious that fused metals 
melts and immediately cooled down during machining and 
forms a layer over another layer which results in smooth 

Figure 2. Schematic layout of PMEDM.

Table 1. Experimental conditions for machining on Rene 41.

Machining Condition Description
Work piece Rene 45

Tool material Copper
Powder mixed with dielectric Molybdenum, nickel and chromium

Polarity Rene 45 rectangular plate: Positive Copper tool: Negative
Process parameter with their levels

Peak current 3A, 6A, 9A
Pulse on Time 50µs, 75 µs, 100 µs

Powder Concentration (Al-Ni-Cr) 20 g/lit, 40 g/lit , 60 g/lit
Constant Parameters

Gap Voltage (V) 50
Duty factor 50%
Spark Gap 0.1mm

Flushing pressure 0.5 kg/cm2

Table 2. Experimental outcomes.

Run Peak current Pulse on time Powder 
Concentration MRR SR ROC

1 3 50 20 1.89 3.44 0.027
2 3 75 40 2.19 3.96 0.046
3 3 100 60 4.12 4.42 0.146
4 6 50 40 2.35 5.08 0.048
5 6 75 60 4.76 5.28 0.099
6 6 100 20 5.29 6.44 0.193
7 9 50 60 8.02 6.46 0.124
8 9 75 20 8.56 7.72 0.178
9 9 100 40 7.77 8.46 0.234
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surface. From Figure 3b, it was clear that machined surface 
is rough compared to Figure 3a. This is due to the higher 
peak current as well as higher pulse on time. The particles 
are uniformly stretched over the surface and the erosion rate 
is also uniform after the machined surface.

Figure 4 shows the atomic force microscopy result of 
machined surface at peak current of 3A, pulse on time of 
50µs and powder deliberation of 20 gm/lit. It is also evident 
by 2 dimensional atomic force microscopy results. Atomic 
force microscopy two dimensional results clearly indicate 
the presence of smooth surface topology. Figure 5 shows 
the atomic force microscopy result of machined surface at 
peak current of 6A, pulse on time of 100µs and powder 
concentration of 60gm/lit. Figure indicates rough surface 
formed due to high peak current and high pulse time. Surface 
morphology is witnessed by peaks and valleys and the two 
dimensional AFM results also show the surface irregularities. 

The addition of more powder mixing causes bridging of 
powder particles. This phenomenon results in formation 
of carbon on surface of the work piece. As a result, surface 
roughness gets affected24.

During the PMEDM of Inconel 718, aluminum powder 
provided higher MRR than silicon powder when suspended 
in dielectric due to high amount of energy was transferred 
through higher thermal and electrical conductivities25. 
MRR increased with the increase of control factor level 
during Hastelloy PMEDM using aluminum powder suspended 
dielectric and it’s also high discharge energy was produced 
to the inter-electrode gap26.

3.2. Taguchi approach
Taguchi approach is one of the best optimization 

technique used to minimize the number of experimental 
runs to be carried out within the allowable boundary of 

Figure 3. Machined surface at conditions (a) 3A, 50µs and 20gm/lit (b) 9A, 100 µs and 40gm/lit.

Figure 4. Atomic force microscopy analysis of machined surface at peak current of 3A, pulse on time of 50µs and powder concentration 
of 20gm/lit.
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factors and their levels. Response table for means and SN 
ratio for MRR, SR and ROC was shown in Table 3. As per 
lower the better criterion, the means and S/N ratio of SR 
and ROC was determined. Simultaneously, as per larger 
the better criterion, the means and S/N ratio of MRR was 
determined. From the Table 3, it was observed that rank was 
assigned according to the effect of influential parameter. 

Influence effect of SN ratio for MRR, SR and ROC was 
shown in Figure 6a-c. From the figures, the optimal MRR 
was attained at peak current of 9A, pulse on time of 100µs 
and powder concentration of 60gm /lit. The optimal SR 
was attained at peak current of 9A, pulse on time of 100µs 
and powder concentration of 20gm /lit. The optimal ROC 
was attained at peak current of 9A, pulse on time of 100µs 

Figure 5. Atomic force microscopy analysis of machined surface at peak current of 9A, pulse on time of 100µs and powder concentration 
of 40gm/lit.

Figure 6. Influence effect of SN ratio for (a) MRR (b) SR and (c) ROC.
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and powder concentration of 60gm /lit. Peak current has 
offered the greatest effect on metal removal and surfaces18. 
The responses and their variation was mainly depends on 
the quality or objective characteristics27

From the Table 4 to 6, it was found that peak current is the 
predominant factor in affecting MRR, SR, and ROC followed 
by powder deliberation and pulse on time. All the factors are 
significant at 95% confidence level. R2 Higher MRR was 
achieved at both the higher values of peak current and powder 
concentration. The increase in powder concentration improves 
the MRR due to the bridging effect between electrode and 
workpiece. The bridge chain was formed between the electrode 
and workpiece which results in dispersion of discharge into 

several increments and thereby causes more MRR28. Further 
increase in peak current results in release of abundant thermal 
energy which causes more formation of craters with increased 
depth. Therefore surface roughness increases29.Due to higher 
concentration and localizing of thermal energy in a narrow region 
leading to higher ROC30,31. From Table 4, the contribution of peak 
current, powder concentration and pulse on time towards MRR 
were 85.14%, 7.60% and 6.90% respectively. From Table 5, 
the contribution of peak current, powder concentration and 
pulse on time towards SR were 84.43%, 13.59% and 1.86% 
respectively. From Table 6, the contribution of peak current, 
powder concentration and pulse on time towards ROC were 
40.51%, 57.46% and 1.95% respectively.

Table 4. Variance analysis for MRR.

Source /MRR DF SS MS F P %
Current 2 46.8072 23.4036 239.44 239.44 85.14
Powder concentration 2 4.1731 2.0865 2.0865 0.045 07.60
Pulse on time 2 3.7976 1.8988 19.43 0.049 06.90
Error 2 0.1955 0.0977 -- -- 00.36
Total 8 54.9734 -- -- -- 100
S= 0.312641 R-sq= 99.64% R-sq(Adj)= 99.64% R-sq(Pred)= 92.80%

Table 5. Variance analysis for SR.

Source /MRR DF SS MS F P %
Current 2 19.5532 9.77658 753.33 0.001 84.43
Powder 
concentration

2 3.1473 1.57364 121.26 0.008 13.59

Pulse on time 2 0.4310 0.21551 16.61 0.057 01.86
Error 2 0.0260 0.01298 -- -- 00.12
Total 8 23.1574 -- -- -- 100
S= 0.113920 R-sq= 99.89% R-sq(Adj)= 99.55% R-sq(Pred)= 97.73%

Table 3. Response table for means and SN ratio for MRR, SR and ROC.

MRR- SN ratio MRR- Means

Level Current Powder 
concentration Pulse on time Current Pulse on time Powder 

concentration
1 8.212 10.345 12.883 2.733 4.087 5.247
2 11.814 13.003 10.680 4.133 5.170 4.103
3 18.180 14.858 14.645 8.117 5.727 5.633

Delta 9.968 4.514 3.965 5.383 1.640 1.530
Rank 1 2 3 1 2 3

SR- SN ratio SR- Means
1 -11.86 -13.68 -14.89 3.940 4.993 5.867
2 -14.92 -14.72 -14.87 5.600 5.653 5.833
3 -17.50 -15.88 -14.52 7.547 6.440 5.387

Delta 5.64 2.19 0.37 3.607 1.447 0.480
Rank 1 2 3 1 2 3

ROC – SN ratio ROC – Means
1 24.94 25.29 20.22 0.07300 0.06633 0.13267
2 20.25 20.61 21.91 0.11333 0.10767 0.10933
3 15.25 14.54 18.31 0.17867 0.19100 0.12300

Delta 9.70 10.75 3.60 0.10567 0.12467 0.02333
Rank 2 1 3 2 1 3
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4. Conclusions

•	 	Smooth surface finish of 3.44μm was attained at peak 
current of 3A, pulse on time of 50 µs and powder 
concentration of 20gm/lit. From SEM analysis, there 
was no formation of craters in machined surface.

•	 	Surface irregularity was observed at peak current of 
9A, pulse on time of 100µs and powder concentration 
of 40gm/lit.

•	 	MRR was found to increase with an increase powder 
concentration from 20gm/lit.

•	 	From Taguchi approach, the optimal MRR was 
attained at peak current of 9A, pulse on time of 
100µs and powder concentration of 60gm /lit.

•	 	The optimal SR was attained at peak current of 9A, 
pulse on time of 100µs and powder concentration 
of 20gm /lit.

•	 	The optimal ROC was attained at peak current of 9A, 
pulse on time of 100µs and powder concentration 
of 60gm /lit.

•	 	From variance analysis, the involvement of peak 
current, powder concentration and pulse on time 
towards MRR were 85.14%, 7.60% and 6.90% 
respectively and SR were 84.43%, 13.59% and 
1.86% respectively.

•	 	The extent of influence of input factors such as 
current, powder attention and pulse active time 
towards ROC were 40.51%, 57.46% and 1.95% 
respectively.
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