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The research investigates the impact of process parameters on the Material Removal Rate (MRR), Tool Wear Rate (TWR), 
and surface roughness (Ra) of a Titanium alloy under Copper (Cu) mixed Electric Discharge Machining (PMEDM) using an 
Aluminium – 10%graphite (A2) composite tool material. Under optimal conditions of Pon=60 µs, Po�=8 µs, and current=7A, 
machining with an A2 composite tool achieved an MRR of 0.1 mm³/min, a TWR of 0.0016 mm³/min, and an Ra of 0.847 
µm. The introduction of 5 g/l of Cu powder into the dielectric ⿿�uid minimized TWR to 0.00122 mm³/min, indicating that 
the powder e�ectively absorbed and dissipated heat, reducing tool wear. At 10 g/l, TWR peaked due to the bridging e�ect, 
where particles created a barrier between the tool and workpiece, increasing tool wear. Beyond 10 g/l, TWR decreased due to 
debris densi῿�cation, where the particles compacted together, reducing their ability to absorb heat and protect the tool. Surface 
roughness with a minimum Ra of 2.69 µm achieved at 5 g/l, but worsening as the concentration increased, reaching a mean 
Ra of 6.29 µm at 25 g/l. Ra also increased with higher Pon values, peaking at 5.81 µm at 75 µs Pon, indicating that longer 
pulse-on times allowed more heat to accumulate, leading to greater surface irregularities. Higher currents led to increased 
Ra, indicating surface quality reduction due to the intense heat generated, which could cause melting and re-deposition of 
material on the surface. SEM analysis revealed distinct surface characteristics based on the concentration of Cu powder in 
the dielectric ⿿�uid. At higher concentrations (25 g/l), the surface exhibited deep pits, craters, and globules, indicating excessive 
heat generation and inadequate ⿿�ushing of machined debris. Lower concentrations (10 g/l) showed reduced pit and crack 
sizes, with some carbon content deposition from the dielectric ⿿�uid. Further reduction to 5 g/l signi῿�cantly improved surface 
quality, with minimal cracks and redeposited material.
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Introduction

Composite materials are widely employed in many 
sectors due to their better mechanical, thermal, and 
electrical qualities as compared to traditional materials 
[1]. Composite materials are made by mixing two or 
more separate components to form a new material 
with improved qualities [2]. Composites can be made 
using a variety of techniques, each with unique benefits 
and drawbacks. Powder metallurgy compacts metal 
powders and reinforcing particles into a mould attains 
uniform distribution but less suitable for large-scale 
production [3]. In-situ fabrication involves the formation 
of reinforcing particles within the matrix, requires 

specialized equipment and expertise. Squeeze casting is 
a method for manufacturing composites that involves 
pouring molten metal into a preheated die cavity and 
applying pressure to force the metal into the mold 
cavity and limited in terms of the size and complexity 
of the parts that can be produced [4]. Stir casting is a 
widely used method for manufacturing composites that 
involves melting a metal matrix and adding reinforcing 
particles to create a homogeneous mixture, which is 
then solidified to form the composite material. Stir 
casting is relatively simple, cost-effective, and suitable 
for large-scale production, hence it was preferred over 
other manufacturing methods [5]. Composite tools can 
be employed to improve the machining accuracy and 
reduce tool wear in unconventional machining process. 

The production of stator and rotor components for 
electric motors is a vital procedure in the electrical 
engineering sector, requiring high accuracy and compli-
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cated machining abilities [6]. Traditional machining 
processes frequently fail to fulfil the demanding require-
ments of these components, resulting in issues such as 
tool wear, poor surface smoothness, and dimensional 
inaccuracy [7]. To address these issues, a variety of 
unconventional machining technologies have been 
developed, each with its own set of benefits and limits. 
Laser Beam Machining (LBM) provides excellent 
accuracy, but is limited by the material’s reflectance and 
thickness [8]. Plasma Arc Machining (PAM) achieves 
high MRR but difficulties with complex geometries 
and tight tolerances, Abrasive Jet Machining (AJM) is 
suitable for machining heat-sensitive materials but has 
lower MRR, Water Jet Machining (WJM) is effective 
for cutting a wide range of materials but its precision 
level is comparatively low, Hence EDM has emerged as 
a leading choice for the high-precision manufacturing of 
stator and rotor components [9-12].

The performance of the EDM process is influenced 
by several key parameters, including the choice of tool 
and workpiece material, spark gap, discharge current, 
voltage, and pulse duration [13]. Spark gap prevents 
arcing, which can cause surface damage and tool wear, 
and regulates the effective removal of machined debris 
[14]. The discharge current determines the intensity of 
the sparks and the rate of material removal, with higher 
currents typically leading to faster material removal but 
also increased tool wear [15]. Pulse duration affects 
the size and shape of the sparks, with shorter pulses 
typically producing finer surface finishes but also 
requiring longer machining times [16]. To endure the 
high temperatures produced during the machining process, 
the tool material needs to be both electrically conductive 
and have a high melting point. Copper, graphite, and 
brass are common materials for tools, while materials 
for workpieces includes from steel, aluminium, titanium 
and superalloys [17]. Copper tools excel in high MRR 
suitable for rough machining whereas graphite tools are 
ideal for finishing with excellent machinability. Brass 
tools achieve high MRR and Ra for high melting point 
materials but Aluminum tools offer high MRR but lacks 
wear resistance and compatibility with certain workpiece 
materials [18]. Copper-tungsten tools provide high MRR 
and excellent TWR, albeit at a higher cost and requiring 
special handling to prevent damage.

Powder Mixed Electric Discharge Machining (PMEDM) 
enhances machining by introducing powder particles like 
aluminum oxide (Al2O3), silicon carbide (SiC), boron 
carbide (B4C), and aluminum into the dielectric fluid 
[19]. These powders improve spark erosion and reduce 
tool wear, impacting PMEDM performance through 
effects like the bridging effect, stabilizing spark gap, 
and increments gap distance [20]. The bridging effect 
involves powder particles forming bridges between tool 
and workpiece, stabilizing the spark gap for higher 
MRR and improved Ra [21]. The incremental spark 
gap reduces the effective spark gap, boosting spark 

density for efficient material removal and lower TWR. 
Al2O3 in PMEDM enhances MRR and Ra due to its 
thermal conductivity and low density [22]. SiC and 
B4C improve MRR and surface finish by reducing tool 
wear and enhancing spark gap stability [23]. Despite 
the extensive research on composite materials, there is 
a significant gap in the specific application of composite 
as a tool material in EDM processes [24]. While several 
research have explored the use of composite materials in 
EDM, the effectiveness of Aluminium-10%graphite (A1) 
composite, especially when combined with the addition 
of copper in the dielectric fluid, remains relatively 
unexplored [25]. Hence in this work, an attempt was 
made to use A1 as tool material using stir casting with 
the objective of combining the properties of two tool 
materials and incorprating conductive copper powder in 
the dielectric medium to enhance the EDM machining 
performance.

Experimental Work

Materials
Ti-6Al-4V, a medical grade titanium alloy has found 

its application in biomedical and aerospace space was 
selected for investigation. Its chemical composition was 
shown in the Table 1. The matrix material selected for 
the tool material were AA6061 aluminium alloy and its 
chemical composition was depicted in the Table 2. The 
AA6061 was procured from the sector, perfect metal 
alloys, bangalore. Particulate reinforcement composites 
have found its application in aerospace and defence 
sector. In this research work graphite was used as the 
reinforcing element and it was selected with an objective 
of integrating properties of both the metals. The Gr 
particles were purchased from the firm bhukhanwala 
industries, mumbai. The fine magnesium powder of 
particle size 1 µm was added as the flux which was 
purchased from coimbatore metal mart, coimbatore. Cu 
apowder were used as the EDM dielectric additives, 
procurred from the alpha chemika, mumbai.

Manufacturing of composites
About 1 kg of AA6061 aluminium alloy was placed 

in the graphite crucible and heated to the temperature of 
750 ᵒC. The Gr particulates of average particle size 5 
µm was preheated to the temperature of 400 ᵒC for the 

Table 1. Chemical composition of Ti-6Al-4V.
Element Ti Al V Fe O C

Content % Balance 6.12 4.2 0.39 0.17 0.08

Table 2.hemical composition of AA6061.
Element Al Mg Fe Cr Si Cu

Content % Balance 0.75 0.62 0.32 0.58 0.25
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time span of 90 mins to remove the moisture content in 
it. The preheated particles disburses more uniformly than 
the untreated composites. The permanent mould made of 
die steel was preheated to the temperature of 250 ᵒC to 
eliminate the surface defect, when the molten metal was 
being poured into it [26]. In order to incorporate the Gr 
particles in the AA6061 alloy, it was required to heat 
the metal to the temperature of 900 ᵒC. At such high 
temperature the composite developed the intermetallic 
compounds which deteriorates the material property, 
more probably it will turn brittle. In order to avoid it, 
Mg powder was added as the flux material [27]. The 
added magnesium powder coats the reinforced particles, 
thereby facilitates the bonding of matrix and particles. 
Once after the AA6061 alloy completely melted, the 
preheated Gr particles were added to the melt. The 
mixture was stirred using the three-arm mechanical 
stirrer at the speed of 1000 rpm for 3 mins. Followed by 
the Mg powder was added to the charge, the weight of 
the flux added was equal to the weight of the reinforcing 

particles. The mixture was stirred again at the 1000 rpm 
for 2 mins. The mixture was poured into the preheated 
mould made of die steel. The composites of dimensions 
105 mm × 105 mm × 7 mm (L × B × T) was produced 
and machined to the dimension of 100 mm × 100 mm 
× 6 mm to remove the surface defects.

EDM
EDM Experiments were performed by varying 

Table 3. Process parameters and its levels.
Process Parameters Levels

Electrode AA6061/10Gr
Cu Powder concentration (g/l) 5, 10, 15, 20, 25
Pulse ON Time (μs) 15, 30, 45, 60, 75
Current (A) 07, 14, 21, 28, 35
Pulse OFF Time (μs) 2, 4, 6, 8, 10
Dielectric fluid EDM Oil

Table 4. Experimental results and its predicted values under Cu PMEDM.

S.No Powder 
Concentration

Pulse 
On 

Time 
(µs)

Pulse 
Off 

Time 
(µs)

IP 
Current 

(A)

Experimental Results Predicted Results

MRR 
(mm3/min)

Electrode 
Wear Rate

Surface 
Roughness 

(µm)

MRR 
 (mm3/min)

Electrode 
Wear Rate

Surface 
Roughness 

(µm)
1 5 45 6 7 0.280 0.001 0.642 0.2621 0.0011 0.0097
2 5 15 4 14 0.410 0.001 0.988 0.3663 0.0013 1.0873
3 5 60 2 21 0.470 0.001 3.31 0.4447 0.0014 2.2342
4 5 30 10 28 5.100E-01 0.001 3.881 0.4975 0.0014 3.4503
5 5 75 8 35 5.600E-01 0.001 4.532 0.5246 0.0012 4.7357
6 10 60 8 7 0.430 0.001 1.781 0.5422 0.0015 3.0174
7 10 30 6 14 0.550 0.002 3.325 0.6451 0.0016 4.2523
8 10 75 4 21 0.600 0.002 5.216 0.7222 0.0016 5.5564
9 10 45 2 28 2.700E-01 0.002 1.117 0.4496 0.0019 1.6318
10 10 15 10 35 0.360 0.002 2.309 0.2896 0.0016 2.86
11 15 75 10 7 1.220 0.001 6.63 1.0253 0.0017 5.9617
12 15 45 8 14 0.390 0.002 1.887 0.5224 0.0017 3.2449
13 15 15 6 21 0.880 0.002 3.693 0.4556 0.0018 3.2687
14 15 60 4 28 0.680 0.002 4.021 0.5293 0.0017 4.0911
15 15 30 2 35 7.200E-01 0.002 6.236 0.8499 0.0017 6.2058
16 20 30 4 7 0.810 0.002 5.597 0.6839 0.0016 4.4852
17 20 75 2 14 0.530 0.001 5.729 0.6414 0.0016 4.5969
18 20 45 10 21 0.620 0.001 5.363 0.9489 0.0017 5.0135
19 20 15 8 28 1.430E+00 0.002 7.432 1.2939 0.0018 7.2162
20 20 60 6 35 3.600E-01 0.002 7.989 0.42 0.0018 6.8215
21 25 15 2 7 0.880 0.002 4.821 1.0072 0.0014 5.6166
22 25 60 10 14 1.650 0.002 5.653 1.5484 0.0016 5.6274
23 25 30 8 21 0.430 0.002 6.329 0.4443 0.0014 6.4404
24 25 75 6 28 0.740 0.001 6.664 0.6452 0.0016 7.3627
25 25 45 4 35 0.800 0.002 7.997 0.8205 0.0016 8.3544
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current, powder concentration, Pon and Poff. Its process 
parameters were shown in the Table 3. The experimental 
runs were designed using Taguchi L25 orthogonal array. 
The Ti-6Al-4V were connected to cathode and tool 
were connected to the anode. A dial gauge was used 
to position the tool vertically in the electric discharge 
machine. The machined performance was analysed 
in terms of MRR, TWR and Ra. Each experiment 
was machined for the 10 mins and repeated for three 
times. Addition of foreign particles in the dielectric 
fluid improves the machining performance. In order 
to enhance the machining performance Al2O3 and Cu 
powder was incorporated in the dielectric fluid. A special 
setup was developed to perform the machining in the 
Powder Mixed Electric Discharge Medium (PMEDM). 
It comprises of a motor in which mechanical stirrer was 
connected to it, it was rotated at stipulated speed with 
an objective of suspending incorporated particles in the 
dielectric fluid. A pump was utilized for pumping of 
dielectric fluid, it performs the function of flushing and 
cooling of workpiece [28]. 

The weight of the work piece was measured before 
and after machining using the weigh balance machine 
of high accuracy. MRR is the ratio of weight difference 
to the product of density and machined time as depicted 
in the Eq. (1). The unit of MRR was expressed in terms 
of mm3/min.

 (1)

Yb, Ya – Weight of the specimen before and after 
machining.

t – Machined time in minutes. 
D – Density of the titanium alloy

Tool Wear Rate (TWR)
The weight of the tool was measured afore and after 

the machining using the weighing machine. TWR is 
the ratio of weight difference of tool materials to the 
product of machined time and density of the electrode 
as depicted in the Eq. (2). The TWR was expressed in 
terms of mm3/min. 

  (2)

Yb, Ya – Weight of the specimen before and after 
machining.

t – Machined time in minutes. 
D – Density of the Tool material

The Surf tester has an accuracy and resolution range 
of 0.01 µm to 0.4 µm. The roughness value was 
measured at ten different location and the average value 
was recorded as the Ra value. The experimental results 
were shown in Table 4. 

Material Removal Rate
The impact of various process parameter on MRR of 

Ti alloy under Cu mixed dielectric medium was depicted 
in the Fig. 1. When machined under unmixed dielectric 
medium the optimal parameter setting were 60 µs, 8 µs 
and 7A machined with A2 composite tool. The MRR, 
TWR and Ra attained for above parametric setting were 
0.1 mm3/min, 0.0016 mm3/min, 0.847 µm respectively. 
When 5 g/l of Cu powder was incorporated in the dielectric 
fluid MRR was increased to 0.280 mm3/min and it was 
increased to 1.650 mm3/min when the concentration was 
increased to 25 g/l. For the same machining condition 
when 10 g/l of Al2O3 particles were added, MRR of 3.2 
mm3/min was obtained which was 93% higher that Cu 

Fig. 1. Influence of various process parameters on MRR under Cu PMEDM.
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PMEDM. The reduction in MRR was attributed to fact 
owing to the high thermal conductivity of Cu powder 
the generated heat was observed by the powder and gets 
melted and evaporated (Hosni et al., 2018). Owing to 
which amount of heat struck the machined surface was 
lowered, hence MRR reduces [29]. 

The factor Pon has very minimal impact on the 
MRR, with raise in Pon, MRR reduces from 0.74 mm3/
min to 0.56 mm3/min. The result revealed that when 
powder particles were incorporated, maximum MRR 
was attained at lower Pon parametric value regardless 
of the characteristics of powders [30]. At higher Pon, 
the generated heat was hanged on for extended period 
of time, hence more volume of materials was removed 
from the surface. With raise in Poff time, MRR slightly 
reduces from 0.72 mm3/min to 0.62 mm3/min. Poff time 
essential for flushing of debris and cooling of workpiece 
[31]. At this span of time no machining occurs, hence 
with increase in Poff MRR decreases. Current was the 
most significant factor which influences the MRR of Ti 
alloy under Cu mixed PMEDM. When there was rise in 
current from 28A to 35A, the transition of mild to severe 
MRR was observed. At higher current, it generates the 
discharge of high intensity which removes the higher 
volume of materials. 

When the current and Poff was tuned at lower 
parametric level of 7A and 2 µs, MRR of 0.31 mm3/
min was attained and it was increased to 1 mm3/min 
for the current and Poff of 35A and 6 µs respectively as 
shown in the Fig. 2. When the current was fixed at any 
set of parametric levels, MRR increases until a saddle 
point of 6 µs thereafter it declines. MRR increases with 
raises in current, regardless of the value of Poff. Least 
MRR of 0.48 mm3/min was observed when the value of 
current and Pon was tuned at 7A and 75 µs respectively 
and it was drastically increased to 1.07 mm3/min when 
the current value was increased to 35A as shown in 
Fig. 3. When the Pon was fixed at lower level of 10 
µs, MRR was increased from 0.62 mm3/min to 1.02 
mm3/min when there is swift in values from 7A to 35A 

respectively. 
The cycle time was termed as the ratio of Pon to the 

sum of the Pon and Poff. For the cycle time of 0.625, MRR 
of 0.79 mm3/min was attained as shown the Fig. 4. Either 
increase or decrease in cyle time reduces the MRR. At 
higher parametric value of 75 µs and 10 µs MRR slightly 
reduced to 0.59 mm3/min. and it was further reduced to 
0.52 mm3/min for 2 µs, Poff. The interaction impact of 
current and powder concentration was depicted in the 
Fig. 5. When 5 g/l of powder particles were incorporated 
in the dielectric fluid, MRR reduces from 0.54 mm3/
min to 0.40 mm3/min with raise in current from 7A 
to 35A. At lower powder concentration, the generated 
heat was absorbed by the incorporated powder particles, 
hence MRR reduces. Interestingly, at higher powder 
concentration of 25 g/l, MRR increases with raise in 
current and reaches a maximum of 1.55 mm3/min for 
35A current. At higher concentration, particles causes 
the bridging effect, Hence MRR increases [32]. 

At the powder concentration of 25 g/l, MRR ranges 
around 0.95 mm3/min was observed for the Poff ranges 
between 2 µs to 8µs and it reduces to 0.65 mm3/

Fig. 2. Impact of current (A) and Pulse off time (µs) on MRR 
of Titanium alloy in Cu PMEDM.

Fig. 3. Impact of current (A) and Pulse on time (µs) on MRR 
of Titanium alloy in Cu PMEDM.

Fig. 4. Impact of Pulse on time (µs) and Pulse off time (µs) on 
MRR of Titanium alloy in Cu PMEDM.
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min for 10 µs Poff as shown in Fig. 6. In case of 5 
g/l contaminated dielectric medium, MRR gradually 

increases from 0.09 mm3/min to 0.47 mm3/min. In 
main effect plot MRR were reduced with increase in Poff 
whereas in this interaction plot it increases at particular 
concentration. The results revealed that interaction of 
Poff and powder concentration has significant effect on 
the MRR. Incorrect combination of parameters results 
in lowering of MRR. A linear graph was observed with 
regards to the interaction impact of Pon and powder 
concentration as shown in Fig. 7. MRR decreases with 
increase in Pon at fixed level of powder concentration. A 
maximum MRR of 1.03 mm3/min was obtained for the 
powder concentration of 25 g/l at 10 µs Pon. Dielectric 
conditions improve machining precision and surface 
quality, crucial for high-performance motor parts where 
tolerance and reliability are significant. By reducing 
defects like cracks and enhancing surface integrity, 
manufacturers can achieve higher efficiency and cost-
effectiveness.

Fig. 5. Impact of Current (A) and powder concentration on 
MRR of Titanium alloy in Cu PMEDM.

Fig. 6. Impact of Pulse off time (µs) and powder concentration 
on MRR of Titanium alloy in Cu PMEDM.

Fig. 7. Impact of Pulse on time (µs) and powder concentration 
on MRR of Titanium alloy in Cu PMEDM.

Table 5. Estimated Regression Coefficients for MRR (mm3/min)
Term Coef SE Coef T P

Constant 0.7268 0.1285 5.655 0.000
Powder Concentration (wt %) 0.2555 0.0651 3.923 0.002
Pulse On (µs) -0.0227 0.0738 -0.308 0.763
Pulse off (µs) 0.0212 0.0738 -0.308 0.774
Current (A) 0.0212 0.0724 0.293 0.005
Powder Concentration (wt %)*Powder Concentration (wt %) 0.2502 0.0738 3.389 0.803
Pulse On (µs)*Pulse On (µs) -0.0265 0.1042 -0.255 0.803
Pulse off (µs)*Pulse off (µs) 0.04240 0.1274 0.333 0.745
Current (A)*Current (A) -0.1754 0.1479 -1.187 0.258
Powder Concentration (wt %)*Pulse On (µs) 0.0324 0.1274 0.254 0.804
Powder Concentration (wt %)*Pulse off (µs) -0.0379 0.1300 -0.292 0.775
Powder Concentration (wt %)*Current (A) -0.1675 0.1570 -1.067 0.307
Pulse On (µs)*Current (A) 0.3229 0.1300 2.483 0.029
S = 0.2137 R-Sq = 80.8% R-Sq(Adj) = 61.6%
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MRR = 0.0594550 + 0.0159010 Powder 
Concentration (wt%) - 0.00556811 Pulse On (µs) 
+ 0.199742 Pulse off (µs) - 0.0289559 Current 
(A) - 2.65745E-04 Powder Concentration (wt%) * 
Powder Concentration (wt%) + 4.71080E-05 Pulse On 
(µs)*Pulse On (µs) - 0.0109681 Pulse off (µs)*Pulse 
off (µs) + 0.000165292 Current (A)*Current (A) - 
1.26466E-04 Powder Concentration (wt%)* Pulse On 
(µs) - 0.00418750 Powder Concentration (wt%)*Pulse 
off (µs) + 0.00230671 Powder Concentration 
(wt%)*Current (A) + 0.000117494 Pulse On 
(µs)*Current (A) (1)

Table 5 displays the predicted regression coefficient. 
The parameters with a P value less than 0.05 were the 
most relevant factor since the experimental runs were 
designed with a 95% confidence level. Eq. (1) depicts 
the mathematical model for forecasting MRR. As shown 
in Table 6, the most significant factors that have an 
influence on MRR are powder concentration, current and 
interaction of powder concentration and current.

Tool wear Rate

The impact of various process parameters on the 
TWR under Cu incorporated PMEDM was depicted in 
the Fig. 8. In EDM, machining occurred by means of 
melting and vaporization [33], hence materials removed 
from both the work piece and the electrode material. 
The objective of the EDM industry was to increase 
the MRR and to reduce the TWR. At 5 g/l PMEDM 
condition, least mean TWR of 0.00122 mm3/min was 
attained. It was attributed to the fact at 5 g/l dielectric 
condition, incorporated particles absorbed the most 
of generated heat and evaporated. It reduces the heat 
transfer to the work piece as well as to tool material, 
hence TWR reduces. At the concentration of 10 g/l, 
it facilitates the bridging effect hence TWR increases. 
When the concentration exceeds beyond 10 g/l, TWR 
reduces owing to the machined debris densification. 
TWR slightly increases from 0.0014 mm3/min to 0.0016 
mm3/min when there is raise in Pon from 15 µs to 75 µs. 
At higher Pon, generated heat was sustained inside the 
spark gap for longer duration which eroded more tool 
materials hence TWR increases. 

With the upsurge in Poff from 2 µs to 10µs, very slight 
variation in TWR was observed. As the off time was 

Fig. 8. Influence of various process parameters on TWR under Cu PMEDM.

Table 6. Analysis of Variance for MRR (mm3/min).
Source DF Seq SS Adj SS Adf MS F P

Regression 12 2.3081 2.3081 0.1923 4.21 0.009
Linear 4 1.9550 1.2988 0.3247 7.11 0.004
Square 4 0.0650 0.0826 0.0206 0.45 0.769
Interaction 4 0.2881 0.2881 0.0720 1.58 0.243
Residual Error 12 0.5479 0.5479 0.0456
Total 24 2.8561
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primarily for flushing of machined debris, deviation in 
Poff has very little impact on TWR. From the swift in 
upper parametric level to the lower parametric level 
TWR ranges between 0.0015 mm3/min to 0.0016 mm3/
min. The increase in current generates heat of very high 
intensity which ultimately increases the both the MRR 
and TWR [34]. But with the incorporation of powder 
particles TWR of composite tool hangs around 0.0015 
mm3/min, irrespective of the parametric value of current. 
Experimental results of MRR confirms that it increases 
with raise in current. By comparing both the results it 
was conformed that most of the generated heat was 
transferred to the work piece. 

For the lower parametric value of 7A current, 0.00166 
mm3/min and 0.00176 mm3/min of TWR was attained 
was attained for 2 µs and 10 µs Poff time as depicted 
in the Fig. 9. The maximum TWR of 0.00184 mm3/
min was recorded when Poff was tunes at 6 µs. For 

higher parametric value of 35A current, TWR reduces 
to 0.00158 mm3/min and 0.00168 mm3/min for 2 µs 
and 10 µs Poff respectively. The results confirmed that 
heat generated was transferred to the work piece, hence 
attained the objective of the EDM industry. In case of 
current and Pon, a very high TWR of 0.00196 mm3/min 
was documented for the values of 7A and 75 µs as shown 
in Fig. 10. At 75 µs Pon, with upsurge in current TWR 
drastically reduces to 0.0017 mm3/min. The reduction in 
TWR was attributed to the fact, owing to the bridging 
effect gap between the tool and the wok piece increases 
which reduces the intensity of heat transferred to the 
tool material. 

For the lower parametric Pon and Poff values of 10 
µs and 2 µs, a least TWR of 0.00149 mm3/min was 
observed as shown in Fig. 11 and it was increased to 0.16 
mm3/min for 10 µs Poff. When the Pon was tuned to the 
parametric level of 75 µs, a maximum TWR of 0.00190 

Fig. 9. Impact of current (A) and Pulse off time (µs) on TWR under Cu PMEDM.

Fig. 10. Impact of current (A) and Pulse on time (µs) on TWR 
under Cu PMEDM.

Fig. 11. Impact of Pulse on time (µs) and Pulse off time (µs) 
on TWR under Cu PMEDM.
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mm3/min was noted for 7 µs Poff. In the experimental 
result of MRR, for same parametric condition low MRR 
was noted, hence it was clear at this parametric setting 
more heat was transferred to the tool materials. The 
interaction impact of powder concentration and current 
was depicted in the Fig. 12. At the powder concentration 
of 5 g/l, TWR reduces with increase in current. It 
was observed that the TWR of 0.00163 mm3/min and 
0.00121 mm3/min was attained, for 7A and 35A current 
respectively. When the powder concentration was 25 g/l, 
at lower parametric value of 7A current, 0.00142 mm3/
min was observed and it was raised to 0.00172 mm3/min 
for the 35A current. A maximum TWR of 0.00183 mm3/
min was observed, for the current of 7A at the powder 
concentration of 15 g/l. 

At 5 g/l of Cu incorporated medium, a least TWR of 
0.00119 mm3/min was achieved for 2 µs Poff and it was 
increased to 0.00144 mm3/min for Poff time of 10 µs as 
shown in Fig. 13. At higher powder concentration of 25 
g/l, TWR reduces from 0.0015 mm3/min to 0.0014 mm3/
min with raise in Pon from 2 µs to 10 µs. When 15 g/l of 
Cu particles were incorporated, TWR of 0.00182 mm3/

min was recorded when Poff was tuned at 7 µs. In case 
of Pon and powder concentration, TWR increases with 
raise in Pon, irrespective of the amount of powder mixed 
in the dielectric medium as shown in the Fig. 14. The 
low TWR of 0.00121 mm3/min was achieved when the 
Pon was tuned at 10 µs in 5 g/l incorporated medium. 
At the same time a maximum TWR of 0.00186 mm3/min 
was noted at 15 g/l PMEDM condition and Pon of 75 µs. 

TWR = 0.000363856 + 8.95828E-05 Powder 
Concentration (wt%) + 1.44846E-05 Pulse On (µs) + 
0.000138400 Pulse off (µs) - 9.67439E-06 Current 
(A) - 2.91739E-06 Powder Concentration (wt%)* 
Powder Concentration (wt%) - 5.66548E-08 Pulse 
On (µs)*Pulse On (µs) - 7.88754E-06 Pulse off 
(µs)*Pulse off (µs) - 8.15784E-08 Current(A) * 
Current (A) - 1.54504E-07 Powder Concentration 
(wt%)*Pulse On (µs) - 2.06250E-06 Powder 
Concentration (wt%)*Pulse off (µs) + 1.22394E-06 
Powder Concentration (wt%)*Current (A) - 1.87031E-
07 Pulse On (µs)* Current (A) (2)

Table 7 displays the predicted regression coefficient. 
The parameters with a P value less than 0.05 were the 
most relevant factor since the experimental runs were 
designed with a 95% confidence level. Eq. (2) depicts 
the mathematical model for forecasting TWR. As shown 
in Table 8, the most significant factors that have an 
influence on TWR are Powder concentration, current 
and interaction of pulse off time and pulse on time.

Surface Roughness
The influence of process parameters on Ra of Ti alloy 

under Cu powder incorporated PMEDM was depicted 
in the Fig. 15. The minimum Ra value of 2.69 µm 
was attained when 5 g/l of Cu was incorporated in the 
dielectric fluid. It was 2.17 times worser than the unmixed 
medium. With increase in powder concentration, Ra 
becomes more worser, at 25 g/l concentration mean Ra 
was increased to 6.29 µm. The increase in Ra value was 

Fig. 12. Impact of Current (A) and powder concentration on 
TWR under Cu PMEDM.

Fig. 13. Impact of Pulse off time (µs) and powder concentration 
on TWR under Cu PMEDM.

Fig. 14. Impact of Pulse on time (µs) and powder concentration 
on TWR under Cu PMEDM.
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attributed by the following facts that when voltage was 
applied, the incorporated particles absorb the heat and 
redeposited over the surface which reduce the surface 
quality [35]. At higher powder concentration, more 

heat was generated hence more volume of material was 
removed from the surface. Because of the machined 
debris these particles are not completely flushed away 
from the machined gap which increases the Ra value. 

Table 7. Estimated Regression Coefficients for TWR (mm3/min).
Term Coef SE Coef T P

Constant 0.0018 0.0001 9.989 0.000
Powder Concentration (wt %) 0.00009 0.00009 0.916 0.378
Pulse On (µs) 0.00008 0.00010 0.903 0.384
Pulse off (µs) 0.00005 0.00010 0.500 0.626
Current (A) -0.00004 0.00010 -0.424 0.679
Powder Concentration (wt %)*Powder Concentration (wt %) -0.00029 0.00014 -1.980 0.071
Pulse On (µs)*Pulse On (µs) -0.00005 0.00018 -0.283 0.782
Pulse off (µs)*Pulse off (µs) -0.00012 0.00020 -0.604 0.557
Current (A)*Current (A) -0.00001 0.00018 -0.089 0.931
Powder Concentration (wt %)*Pulse On (µs) -0.00004 0.00018 -0.252 0.805
Powder Concentration (wt %)*Pulse off (µs) -0.00008 0.00022 -0.372 0.717
Powder Concentration (wt %)*Current (A) 0.00017 0.00018 0.932 0.370
Pulse On (µs)*Current (A) -0.00007 0.00013 -0.578 0.578
S = 0.0003020 R-Sq = 84.6% R-Sq(Adj) = 70.6%

Table 8. Analysis of Variance for TWR (mm3/min).
Source DF Seq SS Adj SS Adf MS F P

Regression 12 0.000001 0.000001 0 0.73 0.705
Linear 4 0 0 0 0.52 0.723
Square 4 0 0 0 1.06 0.416
Interaction 4 0 0 0 0.38 0.821
Residual Error 12 0.000001 0.000001 0
Total 24 0.000002

Fig. 15. Influence of various process parameters on Ra under Cu PMEDM.



Machining of Ti6Al4V under Cu particle mixed dielectric medium using aluminium composite tool… 1079

Ra increases with raise in Pon and maximum Ra of 
5.81 µm was recorded for the Pon time of 75 µs. It 
was evident that the generated heat was hold inside the 
machined gap for longer duration of time. This facilitates 
the melting and evaporation of materials, as discussed 
earlier large volume of materials were removed from 
the surface. These machined materials were not flushed 
away completely and redeposited over the surface; 
hence machined surface quality reduces. The Ra value 
increases with raise in current, at higher current heat of 
very high intensity was produces which creates cracks 
and craters on the surface leads to reduction in surface 
quality. Ra increases with raise in Poff until a saddle 
point of 6 µs thereafter it declines. As observed in the 
experimental results of MRR and TWR, more materials 
were machined at the Poff of 6 µs. It was confirmed that 
the maximum heat was generated at this Poff value which 
forms un-eventuality on the surface leads to reduction 
of Ra. 

The interaction impact of distinct process on Ra of the 
Ti alloy under Cu mixed PMEDM. At lower value of 
7A current, for the Poff time of 2 µs least Ra value of 
2.87 m was attained and it was slightly raised to 3.20 

µm for the Poff value of 10 µs. When the value of current 
was increased to 35A, Ra of 5.49 µm and 5.71 µm was 
attained for 2 µs and 10 µs respectively as shown in Fig. 
16. The Ra becomes even worser (6.38 µm) when the 
Poff was tuned at 6 µs. The results showed that surface 
become worser when machined at higher parametric 
value of current, regardless of the value of Poff. When 
the Pon and current were tuned at lower parametric value 
of 7A and 10s, Ra of 3.23 m was achieved and it was 
drastically increased to 7.51 µm when the values were 
shifted to upper parametric level i.e 35A current and 75 
µs Pon as shown in Fig. 17. At 7A current with raise in 
Pon, Ra gradually increases and reaches a maximum of 
4.95 µm at 10 µs.

The interaction impact of Pon and Poff were depicted 
in the Fig. 18. Ra was 3.13 µm for 2 µs, 4.00 µm for 
6 µs, and 3.31 µm for 10 µs, when the Pon was tuned 
at lower parametric value of 10 µs as shown in Fig. 
18. When the Pon was increased to 75s quality of the 
surface quality became worser. Ra was 4.79 µm for 2 
µs, 5.64 µm for 6 µs, and 4.97 µm for 10 µs, when the 
Pon was tuned at lower parametric value of 10µs. The 
interaction impact of current and powder concentration 

Fig. 17. Impact of current (A) and Pulse on time (µs) on Ra 
under Cu PMEDM.

Fig. 16. Impact of current (A) and Pulse off time (µs) on Ra 
under Cu PMEDM.

Fig. 18. Impact of Pulse on time (µs) and Pulse off time (µs) 
on Ra under Cu PMEDM.

Fig. 19. Impact of Current (A) and powder concentration on 
Ra under Cu PMEDM.
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was depicted in the Fig. 19. At 5 g/l Cu incorporated 
dielectric medium, specimens machined with the current 
of 7A exhibit the least Ra of 0.49 µm and it was radically 
increased to 5.16 µm when the value of current increased 
to 35A. For the powder concentration pf 25 g/l, Ra of 
6.83 µm and 7.45 µm was attained for the current of 
7A and 35A respectively. The result revealed that the 
increase in the concentration of powder and current has 
significant impact on the Ra of the composites. 

In case of interaction impact of Poff and powder 
concentration, Ra of 1.77 µm was attained for the 2s 
Poff and 5 g/l Cu concentration and it was degraded 
to the 6.30 m when the concentration and Poff was 
increased to 25 g/l and 10s respectively as shown in Fig. 
20. Regardless of the Poff time Ra value increases with 
raise in powder concentration. Machined with lower Pon 
and at 5 g/l Cu incorporated dielectric medium results in 
machined surface of lower Ra value of 2.30 µm. When 
the Pon was tuned to 75 µs quality of the surface was 
worsen to 8.21 µm at the 25 g/l PMEDM condition as 
shown in the Fig. 21. 

At a high concentration of 25 g/l, the surface 
exhibited deep pits, craters, and globules, indicative 
of excessive heat generation and inadequate flushing 

of machined debris. This resulted in a rougher surface 
with a mean Ra of 6.29 µm. The higher particle density 
at 25 g/l created a barrier effect, causing more intense 
and localized heating, led to the pronounced surface 
irregularities. When the concentration was reduced to 
10 g/l, there was an improvement in surface texture. 
The size of pits and cracks decreased, and some 
carbon content deposition from the dielectric fluid 
was observed. The surface roughness improved with 
a reduced Ra, though not significantly lower than the 
highest concentration, indicating a transition phase in 
surface quality enhancement. At the lowest concentration 
of 5 g/l, the surface quality improved notably. Minimal 
cracks and redeposited material were observed, resulting 
in a smoother surface texture. The Ra achieved at this 
concentration was significantly lower, with a minimum 
value of 2.69 µm. This improvement was due to better 
heat dissipation and more effective particle flushing, 
preventing excessive heat generation and reducing surface 
irregularities. At high Cu powder concentration (25 g/l), 
inefficient flushing leads to excessive localized heating, 
causing deep pits and globules. As the concentration 
decreases to 10 g/l, flushing efficiency improves, 
reducing heat concentration and thus diminishing the 
size of pits and cracks. At the lowest concentration (5 
g/l), optimal flushing ensures effective heat dissipation 
and debris removal, resulting in minimal surface defects 
and the lowest Ra. Therefore, better flushing and heat 
distribution at lower concentrations enhance surface 
quality by preventing heat accumulation and promoting 
uniform machining.

Ra = -2.23897 + 0.250953 Powder Concentration 
(wt%) - 0.0332025 Pulse On (µs) +0.462245 
Pulse off (µs)+0.0820721 Current (A)-5.74878E-04 
Powder Concentration (wt%)*Powder Concentration 
(wt%)+0.000405261 Pulse On (µs)*Pulse On (µs) - 
0.0488079 Pulse off (µs)*Pulse off (µs) + 0.00303717 
Current (A)*Current (A) + 0.00176005 Powder 
Concentration (wt%) * Pulse On (µs) + 0.00987563 
Powder Concentration (wt%)*Pulse off (µs) - 
0.00737333 Powder Concentration (wt%)* Current (A) 
- 9.64850E-05 Pulse On (µs)*Current (A) (3)

Table 9 displays the predicted regression coefficient. 
The parameters with a P value less than 0.05 were the 
most relevant factor since the experimental runs were 
designed with a 95% confidence level. Eq. (3) depicts 
the mathematical model for forecasting Ra. As shown 
in Table 10, the most significant factors that have an 
influence on Ra are powder concentration, pulse on time, 
current and interaction of pulse on time and current.

Surface topography
The surface topography of the titanium alloy 

machined under Cu mixed dielectric was investigated 
with the aid of SEM. When machined with 25 g/l Cu 

Fig. 20. Impact of Pulse off time (µs) and powder concentration 
on Ra under Cu PMEDM.

Fig. 21. Impact of Pulse on time (µs) and powder concentration 
on Ra under Cu PMEDM.
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powder mixed environment, the surface texture showed 
globules, craters and deeper pits as depicted in the Fig. 
22a. When machined under high concentration of Cu 
powder incorporated dielectric medium, it generates 
extreme heat which struck on the work piece and formed 
deeper pits and craters, hence Ra reduces. Owing to 
the machined debris densification, insufficient flushing 
of particles occurred results in formation of globules. 
At higher magnification huge crack and craters were 
evident as shown in the Fig. 22b, the width of the crack 
measures around 2 µm. The texture also witnessed lot 
of redeposited materials over the surface which confirms 
that the flushing was inadequate. 

When machined in the 10 g/l powder mixed dielectric 
environment, the surface texture showed micro pits and 
cracks as shown in Fig. 23a. The size of the cracks and 
pits were reduced; hence it exhibits better Ra. Lot of 
black spots were also observed on the surface which 
was the carbon content deposited from the dielectric 
fluid. The texture also reveals uneven machined surface 
which showed that the generated heat was not distributed 
uniformly. At higher magnification lot of resolidified 
layer materials were observed on the surface as depicted 
in the Fig. 23b. It also displayed the craters and shallow 

crater valley of length measures around 100 µm.
With further reduction in concentration of Cu powder 

to 5 g/l enhances the quality of the surfaces. No cracks 
were observed on the surface and quantity of redeposited 
layer over the machined surface reduced, hence quality of 
the surface improves. The shallow craters were observed 
and tiny globules formed because of inadequate flushing 
as shown in the Fig. 24a. At higher magnification surface 
texture revealed globules and remelted layers. The crack 
with approximate width of 0.5µm was observed as shown 
in the Fig. 24b. Owing to the reduction in the length of 
the width quality of the surface increases in comparison 
to surface produced under 25 g/l dielectric condition. 

The formation of cracks on machined surfaces under 
varying Cu powder concentrations was influenced by 
thermal stresses, cooling rates, and material properties. 
At higher Cu powder concentrations (e.g., 25 g/l), the 
dielectric medium contains more conductive particles, 
leading to enhanced sparking intensity and localized 
heating. This intense heat generation induces significant 
thermal stresses within the material, which are not 
uniformly dissipated due to inadequate flushing. As 
a result, the surface undergoes rapid expansion and 
contraction, forming wider cracks, typically around 2 

Table 9. Estimated Regression Coefficients for Ra (µm).
Term Coef SE Coef T P

Constant 4.4648 0.6176 7.229 0.000
Powder Concentration (wt %) 2.1232 0.3130 6.943 0.000
Pulse On (µs) 0.8293 0.3548 2.337 0.038
Pulse off (µs) 0.0987 0.3482 0.284 0.782
Current (A) 1.3257 0.3548 3.736 0.003
Powder Concentration (wt %)*Powder Concentration (wt %) -0.0574 0.5010 -0.115 0.911
Pulse On (µs)*Pulse On (µs) 0.3647 0.6123 0.596 0.562
Pulse off (µs)*Pulse off (µs) -0.7809 0.7108 -1.099 0.293
Current (A)*Current (A) 0.5952 0.6123 0.972 0.350
Powder Concentration (wt %)*Pulse On (µs) 0.5280 0.6250 0.845 0.415
Powder Concentration (wt %)*Pulse off (µs) 0.3950 0.7546 0.523 0.610
Powder Concentration (wt %)*Current (A) -1.0322 0.6250 -1.652 0.124
Pulse On (µs)*Current (A) -0.0405 0.4667 -0.087 0.932
S = 0.0003020 R-Sq = 89.1% R-Sq(Adj) = 78.1%

Table 10. Analysis of Variance for Ra (µm).
Source DF Seq SS Adj SS Adf MS F P

Regression 12 103.056 103.055 8.5880 8.14 0.000
Linear 4 87.424 70.7818 17.6954 16.78 0.000
Square 4 12.371 3.5766 0.8942 0.85 0.522
Interaction 4 3.260 3.2603 0.8151 0.77 0.563
Residual Error 12 12.655 12.654 1.056
Total 24 115.711
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µm. The high temperature gradients exacerbate these 
stresses, promoting the initiation and propagation of 
cracks. When the Cu powder concentration is reduced 
to 10 g/l, there is an improvement in flushing efficiency, 
which helps in better heat dissipation and reduces 
the intensity of thermal stresses. Consequently, the 
cracks formed are narrower, approximately 1 µm, as 
the thermal gradients are less severe and the material 
experiences more controlled cooling. The presence of a 
moderate amount of Cu particles still contributes to some 
redeposition and uneven cooling, but the overall effect is 
less detrimental compared to the higher concentration. At 

the lowest concentration of 5 g/l, the flushing efficiency 
is optimal, ensuring effective removal of debris and more 
uniform heat distribution. The reduced concentration of 
conductive particles leads to lower sparking intensity 
and more even thermal distribution, minimizing thermal 
stresses. As a result, the cracks observed are the 
narrowest, around 0.5 µm. This condition allows for 
better-controlled cooling rates and reduces the likelihood 
of significant surface defects. 

The redeposited materials primarily consisted of 
copper particles from the dielectric medium, interspersed 
with carbon elements. Morphologically, these materials 

Fig. 22. Surface topography of specimen machined with 25 g/l Cu mixed di-electric medium (a) at 100X (b) at 2000X.
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appeared as small globules and irregular patches scattered 
across the surface. The resolidified layers were thin 
and uneven, indicating rapid cooling and solidification 
of molten material during machining. The presence 
of these redeposited materials and resolidified layers 
significantly impacted surface roughness and overall 
quality. The globules and irregular patches created 
by redeposited materials increased surface roughness 
(Ra), contributing to a less smooth finish. Additionally, 
the uneven resolidified layers led to micro-cracks and 
brittle zones, further degrading surface integrity. Larger 

cracks increase the risk of crack propagation, reducing 
the fatigue life and structural strength of the machined 
component. 

MEIOT
The experimental work was optimized using the 

MEIOT optimization technique. The first step was 
the normalising the beneficiary and non – beneficiary 
attributes. The weight of each criterion was multiplied 
to the normalised value to form weighted normalised 
decision matrix. The assessment value and the rank were 

Fig. 23. Surface topography of specimen machined with 10g/l Cu mixed di-electric medium (a) at 100X (b) at 2000X
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calculated by the MOORA technique as shown in the 
Table 11. The top five ranked parametric combination 
were selected for individual comparison. The concordance 
and discordance values were computed by comparing 
performance of each parametric combination. The optimal 
parameters were calculated by means of incorporating 
concordance and discordance value as shown in the 
Table 12. Ensuring consistent Cu powder distribution 
in the dielectric medium is critical, as any variation can 
impact surface quality and machining precision. Scaling 
up also requires maintaining efficient flushing systems 

to prevent debris accumulation and thermal stress. The 
cost of high-quality Cu powder and advanced EDM 
equipment might be significant, affecting overall cost-
effectiveness. Additionally, training personnel to handle 
and optimize these parameters is essential for achieving 
desired outcomes consistently.

Conclusion

Ti alloy exhibit high MRR of 3.2 mm3/min under 
Cu powder incorporated dielectric fluid owing to the 

Fig. 24. Surface topography of specimen machined with 5g/l Cu mixed di-electric medium (a) at 100X (b) at 2000X.
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bridging effect. For the Pon parametric value of above 60 
µs, machined under the Cu PMEDM concentration of 
15 g/l, MRR reduces drastically irrespective of the other 
process parameters. ANOVA table reveals that powder 
concentration and current were the two most influential 
process parameter which impacts the MRR. 

Cu particles absorbed the majority of the heat created 

and evaporated. It minimises heat transmission to both 
the work piece and the tool material, lowering TWR. It 
promotes the bridging effect at a concentration of 10 g/l, 
resulting in an increase in TWR. 

The fact that when voltage was applied, the integrated 
particles absorbed the heat and redeposited across the 
surface, reducing the surface quality, was linked to the 

Table 11. Ranking of parameters using MOORA.

S.No Normalised Decision Matrix Weighted Normalised Decision Matrix Assesment 
Value  Rank

1 0.0211 0.0001516 0.0165 0.0063 4.261E-05 0.006876 -0.0006 0.0005783 1
2 0.0452 0.0002118 0.039 0.0136 5.951E-05 0.016285 -0.0027 0.0027498 2
3 0.0594 0.0002456 0.4373 0.0179 6.902E-05 0.182784 -0.165 0.1649875 8
4 0.0699 0.0001516 0.6012 0.021 4.261E-05 0.251286 -0.2303 0.2302933 10
5 0.0843 0.0001805 0.8198 0.0254 5.071E-05 0.342658 -0.3173 0.3173466 13
6 0.0497 0.0002456 0.1266 0.015 6.902E-05 0.052919 -0.038 0.0380341 4
7 0.0813 0.0005527 0.4413 0.0245 0.0001553 0.184444 -0.1601 0.1601348 7
8 0.0967 0.0004524 1.0859 0.0291 0.0001271 0.453896 -0.4249 0.4249084 15
9 0.0196 0.0005013 0.0498 0.0059 0.0001409 0.020816 -0.0151 0.0150607 3
10 0.0348 0.0003622 0.2128 0.0105 0.0001018 0.088947 -0.0786 0.078567 6
11 0.3999 0.0002118 1.7544 0.1204 5.951E-05 0.733345 -0.613 0.6130311 20
12 0.0409 0.000282 0.1421 0.0123 7.924E-05 0.059405 -0.0472 0.0471835 5
13 0.2081 0.000406 0.5443 0.0626 0.0001141 0.227531 -0.165 0.1650157 9
14 0.1242 0.000406 0.6453 0.0374 0.0001141 0.269742 -0.2325 0.2324603 11
15 0.1393 0.0003622 1.5521 0.0419 0.0001018 0.648774 -0.607 0.6069505 19
16 0.1763 0.0004524 1.2503 0.0531 0.0001271 0.522627 -0.4697 0.4696925 17
17 0.0755 0.0002118 1.31 0.0227 5.951E-05 0.547569 -0.5249 0.5249109 18
18 0.1033 0.0002456 1.1479 0.0311 6.902E-05 0.47984 -0.4488 0.4488213 16
19 0.5494 0.0003622 2.2045 0.1654 0.0001018 0.921494 -0.7562 0.7562162 23
20 0.0348 0.000406 2.5474 0.0105 0.0001141 1.064795 -1.0544 1.0544279 25
21 0.2081 0.000282 0.9276 0.0626 7.924E-05 0.387753 -0.3252 0.3252035 14
22 0.7315 0.000406 1.2754 0.2202 0.0001141 0.533137 -0.3131 0.3130714 12
23 0.0497 0.000282 1.5987 0.015 7.924E-05 0.668269 -0.6534 0.6533947 21
24 0.1471 0.0002456 1.7725 0.0443 6.902E-05 0.740886 -0.6967 0.6966679 22
25 0.172 0.0003622 2.5525 0.0518 0.0001018 1.066929 -1.0153 1.0152709 24
Wij 0.301 0.281 0.418       

Table 12. Performance analyses using ELECTRE.

Alternatives
Concordance Matrix Discordance matrix Aggregation of concordance and 

discordance matrix
Rank

Ex 1 Ex 2 Ex 9 Ex 6 Ex 
12 Ex 1 Ex 2 Ex 9 Ex 6 Ex 

12 Ex 1 Ex 2 Ex 9 Ex 6 Ex 
12

Ex 1 0 1 1 1 1 0 1 1 1 1 0 1 1 1 1 1
Ex 2 0 0 1 1 1 1 0 1 1 1 0 0 1 1 1 2
Ex 9 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 4
Ex 6 0 0 1 0 1 0 0 0 0 1 0 0 0 0 1 3
Ex 12 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 5
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increase in Ra value. More heat was created at greater 
powder concentrations, which resulted in more material 
being removed from the surface. These particles are 
not entirely drained out from the machined gap due to 
the machining debris densification, which raises the Ra 
value.

Cracks, craters, globules and re-solidification of 
materials were observed on the machined surface 
morphology. The optimized parameters under MEIOT 
technique were 45 µs Pon, 6 µs Poff and 7A current 
under 5 g/l Cu powder incorporated dielectric medium.
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