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Abstract
The titanium alloy Ti6Al4V ELI (grade 23) is widely used in biomedical industry because of its engineering attributes. 
However, it requires surface modifications and has processing challenges because it is difficult to machine nature. Therefore, 
powder-mixed electric discharge machining process is commonly applied to simultaneously machine the material and carry 
out surface treatment. The performance of the process is limited by both low cutting efficiency and the formation of a rough 
surface. In this regard, the current study evaluates SiC powder-mixed electric discharge machining of Ti6Al4V ELI using 
a range of tool materials such as copper, brass, graphite, and aluminum along with a comprehensive list of process param-
eters. The surface roughness parameters involving arithmetic roughness, the average peak-to-valley distance, and the highest 
peak-to-deepest valley distance along with material removal rate are comprehensively studied. Taguchi design of experi-
ments  L16 orthogonal array is used to study the process performance with parametric effect analysis, parametric significance 
analysis, and surface morphological analysis with a scanning electron microscope. Furthermore, the experimental results 
are optimized against a multi-response optimization matrix using grey relational analysis approach. An optimal compromise 
between surface attributes and cutting efficiency is identified by Al electrode, pulse current of 14 A, pulse on time of 75 µs, 
pulse off time of 75 µs, and negative polarity parametric conditions.

Keywords Titanium Alloy · Ti6Al4V · Electrical discharge machining · Surface topography · Grey relational analysis

1 Introduction

The aeronautical and automotive industries use titanium and 
its alloys in various advanced applications such as airframes, 
landing gear, fastening elements, engine components, and 
axle shafts. The considerable properties which make these 
materials preferable include strength-to-weight ratio, tough-
ness, corrosion and fatigue resistance, and high-performance 
ability at extreme temperatures. Among different variants of 
titanium, Ti6Al4V is widely used because of its durability 
and engineering attributes required for specialized applica-
tions. However, there are certain limitations of the mate-
rial which makes its machinability challenging such as low 
thermal conductivity and reactivity [1]. These limitations 
drive manufacturing industries to choose non-conventional 
processing methods for machining and surface modifica-
tion purposes. In addition to this, the use of conventional 
processes is also limited because of the uneconomical 
machinability of hard-to-cut alloys and composites result-
ing from tooling costs (owing to physical tool/workpiece 
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contact-induced wear, residual stresses, and mechanical fail-
ure) [2, 3]. Therefore, electric discharge machining, laser 
beam and electron beam machining, water jet, and other 
processes are employed for efficient machining and surface 
modification. The electric discharge machining (EDM) 
is one of the cutting-edge processes used in manufactur-
ing industries to simultaneously machine and modify work 
surface for advanced applications. Moreover, the process is 
efficient to fabricate intricate geometries with high precision 
and improve the mechanical properties of surface [4]. The 
electric discharge machining is a stochastic thermo-electric 
process which erodes the conductive materials through 
spark-induced thermal energy. The tool (having an inverse 
shape of desired geometry on workpiece) and workpiece are 
brought significantly close leading to sparking activity while 
having dielectric medium in the inter-electrode gap. Both 
electrodes act as a capacity with no physical contact; there-
fore, no mechanical-induced residual stresses are expected 
in the workpiece [5].

To further enhance the functionalities of the process, dif-
ferent researchers have developed technologies which aid 
in thermo-electric conditions. The dielectric medium is 
modified using biodegradable oils, emulsions, surfactants, 
and conductive or non-conductive particles. Similarly, the 
tool electrodes are improved through manufacturing tech-
niques such as powder metallurgy or with thermal treatments 
for instance quenching or cryogenics. Since the process is 
highly dependent on electric science, therefore, different 
parametric approaches are used to optimize desired objec-
tives by altering sparking conditions. A thorough review of 
works presented in this domain is presented in Table 1.

The researchers have modified process and investigated 
different objectives under the electric discharge machining 
process. For instance, Guu et al. [13] evaluated the machina-
bility of AISI D2 steel and found that pulse current-induced 
discharge energy significantly affected the erosion rate 
and surface finish. Gattu and Yan [14] machined tungsten 
carbide using powder-mixed dielectrics. The authors used 
insulative, conductive, and semiconductive powders such 
as alumina powder  (Al2O3), carbon nanofiber (CnF), and 
silicon (Si), respectively. The authors found that addition 
of powder improved inter-electrode energy transfer and 
resulted in a higher material removal rate and less rough-
ness. The  Al2O3 showed small-sized craters on the surface. 
Pradhan et al. [15] reported the effect of pulse on time for 
the machining of titanium superalloy. Pradhan et al. found 
that at higher pulse on time, material removal spikes up 
from 0.0062 to 0.033 mg/min owing to prolonged exposure 
time to discharge energy. Ekmekci and Efe [16] evaluate the 
performance of nano- and micro-additives on the machined 
surfaces of Ti6Al4V using pure Ti (grade 2) as electrode. 
The authors showed that the micro-hydroxyapatite-mixed 
dielectric with pulse current 7 A and pulse on time 400 μs 

resulted in the lowest roughness of 2 μm, whereas the nano-
hydroxyapatite-mixed dielectric with pulse current 22 A 
and pulse on time 1600 μs produced 9 μm roughness. The 
authors found that the pressure drop at the end of the spark-
ing directs the dielectric to remove the melt pool on the sur-
face. In this aspect, the addition of powder in the dielectric 
improved discharge activity by dividing the major plasma 
channel to different branches. Surya and Gugulothu [17] car-
ried out machining of 7075–4% TiC aluminum composite 
using graphite powder. The authors discussed the forma-
tion of small cavities on the surface as a result of broken 
discharges because of powder particles in dielectric. The 
material removal rate is directly affected by discharge energy 
and the increase in pulse on time deteriorated the surface. 
Kumar et al. [18] evaluated the machinability of carbon 
fiber-reinforced polymers under the influence of SiC pow-
der. The authors found that 4 g/L SiC powder concentration, 
1 A pulse current, and 15 μs resulted in the least surface 
roughness of 1.2 μm. Rehman et al. [19] machined EN-30B 
alloy steel using copper tool and graphite powder mixed in 
dielectric. The authors found that 4 g/L particle concentra-
tion of 20 µm with 12 A pulse current and 45 µs pulse on 
time resulted in the highest material removal rate. Darji et al. 
[20] evaluated the performance of chromium powder-mixed 
electric discharge machining of Inconel 718. The authors 
showed 5 g/L powder concentration reduced surface defects 
and resulted in the lowest roughness of 4.73 μm. Similarly, 
Vora et al. [21] carried out the machining of Nitinol alloy 
using nano-graphene-mixed electric discharge machining 
process. The authors quantified the influence of powder con-
centration (0–2 g/L), pulse current (5–15 A), pulse on time 
(3–9 µs), and pulse off time (2–8 µs). The authors achieved 
2.92 μm roughness using 8 μs pulse on time, 6 μs pulse off 
time, 2 g/L powder concentration, and 6 A pulse current.

Along with advancements in dielectrics, differ-
ent researchers have employed parametric optimization 
approaches to achieve the desired compromise. Majum-
dar et al. [22] optimized the nano-graphene-mixed electric 
discharge machining process for Inconel 625. The authors 
used powder concentration, pulse current, and pulse on time 
as input variables for the assessment of material removal 
rate using Taguchi design of experiments. The signal/noise 
ratio-based optimization resulted 0.4 g/L, 12 A, and 50 µs 
against ~ 7.65% error as optimized results. Thakur et al. [23] 
used response surface methodology and artificial neural net-
works to optimize the machining of Al LM-25/SiC com-
posite. The authors found that machine parameters directly 
influencing energy deposition significantly affect surface 
integrity, whereas Kumar et al. [24] improved the surface 
quality of Inconel 706 by introducing magnetic field in the 
process. The authors used grey relational analysis to opti-
mize the process for surface roughness, material removal 
rate, and tool wear rate. The grey relational analysis showed 
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that pulse on time 62.84%, pulse current 28.64%, and pulse 
off time 8.50% controlled overall response characteristics. 
The optimized parametric conditions pulse current 5 A, 
pulse on time 50 µs, and pulse off time 20 µs resulted least 
roughness 1.66 μm. Chakraborty et al. [25] used response 
surface methodology, grey relational analysis, and particle 
swarm algorithm to optimize the machining of Ti6Al4V 
using  Al2O3 powder. The surface roughness of 1.38 μm was 
achieved using 4 g/L powder concentration and 2 A pulse 
current. Ishfaq et al. [26] carried out the machining of AISI 
D2 steel using copper electrode. The authors used desirabil-
ity function to optimize the process for dimensional errors.

The literature survey has highlighted that Ti6Al4V, a 
hard-to-machine material, is processed through electric dis-
charge machining employing different technologies. Based 
on the use cases, the machining objectives and their associ-
ated challenges are investigated based on parametric condi-
tions and modified dielectrics. The literature identifies SiC 
powder-mixed electric discharge machining process has 
significantly improved surface characteristics and machina-
bility. However, all surface roughness parameters and their 
parametric correlation are not comprehensively evaluated 
which is done herein. In addition, a range of process vari-
ables are evaluated against four types of electrode materi-
als to determine the best processing conditions depending 
on surface morphology, roughness, and cutting efficiency. 
Moreover, the grey relational analysis-based multi-objective 
optimization approach is used to optimize the response vari-
ables such as arithmetic mean, average peak-to-valley dis-
tances, and material removal rate. As the responses are con-
flicting in nature, therefore, the robustness of the optimized 
dataset was ensured through confirmatory experimentation. 
The physics of electric discharge machining process is cor-
related with the experimental results and scanning electron 
microscopic evidences.

2  Materials and methods

The Ti6Al4V ELI as workpiece is used to carry out experi-
ments. The material was procured from BaoJi Titanium 
Industry Co. Ltd., China, and the composition is verified 
with the manufacturer sheet as provided in Table 2.

The alloy is specially used in high-performance applica-
tions because of its physical properties. Different machine 
elements in aeronautical industries and different implants in 
biomedical industries are the major application areas. The 
potential physical properties that make the alloy preferable 

in the abovementioned applications and influence the pro-
cessing conditions in electric discharge machining are tabu-
lated in Table 3.

The objective of the work is to evaluate the surface rough-
ness parameters along with process efficiency. Therefore, a 
range of potential electrode materials are selected based on 
their electrical and thermal properties. The machining pro-
cess involves thermo-electric multiphysics dynamics; there-
fore, the selection of tool materials is not straightforward 
for Ti6Al4V ELI. The potential uncertainty is derived from 
electrical and thermal conductivities of materials which 
control melt dynamics and vaporization of work surface. 
The tool electrodes, having 15 mm diameter, copper (Cu), 
aluminum (Al), graphite (Gr), and brass (Br), are used. The 
physical properties which are important during processing 
are given in Table 4.

The CNC Electric Discharge Machine Die-Sinking (RJ—
230 creators: Taiwan) was used to machine 300-µm circular 
cavities. The research methodology is shown in Fig. 1. As 
per guidelines from the literature on achieving high surface 
integrity, SiC-mixed dielectric was employed because of 
its superior electrical resistivity and thermal conductivity 
[4, 18]. The physical properties which facilitate plasma for-
mation and machinability are mentioned in Table 5. The 

Table 2  Chemical composition 
of workpiece material

Elements Al C H Fe N O V Ti

Wt. (%) 5.89 0.016 0.0019 0.14 0.007 0.1 3.96 Balance

Table 3  Physical properties of workpiece material

Properties Units Value

Density g/cm3 4.43
Yield strength MPa 955
Ultimate tensile strength MPa 990
Thermal conductivity W-m−1  K−1 6.7
Electrical resistivity µΩ-cm 178
Melting point °C 1660

Table 4  Thermo-physical properties of tool electrodes (open access 
[7])

Tool material Thermo-physical properties

Density 
(g-cm−3)

Melting 
point 
(°C)

Thermal 
conductivity 
(W-m−1  K−1)

Electrical 
conductivity 
(S-m−1)

Graphite 1.77 3300 400 0.3 ×  106

Copper 8.90 1083 385 59.6 ×  106

Brass 8.73 940 109 16 ×  106

Aluminum 2.75 660 205 35 ×  106
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SiC powder has higher thermal conductivity and density as 
compared to kerosene oil. Therefore, 5 g/L concentration 
was mixed during the experiments to improve tool-electrode 
interfacial sparking.

Firstly, a two-phase experimental campaign was used 
including preliminary experimentation which involved 
parameter selection and suitability determination of the 
levels. Secondly, the Taguchi design of experiments-based 
approach was used for parametric assessment and response 
characterization. In the preliminary experimentation, the 
criteria of parametric selection included substantial differ-
ence in surface attributes/material removal rate, complete 
impression of cut, low burn marks, and effective sparking. 
The parametric levels which resulted in insufficient sparking, 
incomplete machining cycle, and poor surface quality were 
not chosen for the design of experiments. The experimental 
details are shown in Table 6 representing detailed charac-
teristics, parametric levels, and machining details. The sur-
face roughness Ra was thoroughly analyzed in the previous 

project [28], which is also taken into account to consider 
complete process effects. Taguchi orthogonal array  L16 is 
used with four levels of electrode type, pulse on time, pulse 
off time, and pulse current using Minitab software v2022.

A uniform procedure was ensured during experiments 
to rule out external variabilities caused by unbalanced 
positioning and clamping. Each experiment was carried 
out with a new tool for surface morphological studies and 
to avoid any heat treatments of tool itself. The surface 
roughness attributes such as arithmetic mean Ra, high-
est peak and the deepest valley distance Rt, and average 
peak-to-valley distance Rz were measured using Taylor 

Fig. 1  Experimental methodol-
ogy

Table 5  Physical properties of SiC powder and dielectric [4, 27]

Property SiC Kerosene Unit

Nominal diameter 70–80 - μm
Density 3.2 0.81 g/cm3

Specific heat 510–560 2100 J/Kg K
Thermal conductivity 300 0.14 W/m K
Electrical resistivity 0.01–1 - μΩ-cm

Table 6  Experimental details [28]

Parameters Levels

Electrode type Aluminum (Al), copper 
(Cu), brass (Br), graphite 
(Gr)

Electrode diameter 15 mm
Workpiece Ti6Al4V ELI
Workpiece dimensions 100 × 100 × 4  mm3

Pulse current 8, 10, 12, 14 A
Pulse on time 50, 75,100, 125 µs
Pulse off time 25, 50, 75, 100 µs
Polarity  + , − 
Dielectric Kerosene oil + 5 g/L SiC
Cavity depth 300 µm
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Hobson surface texture meter (UK) with cutoff length 
0.8 mm and evaluation length 4 mm. Five different points 
on the surface were selected for roughness measurement 
and the average was used for parametric analysis. To char-
acterize surface and study morphology, Quanta 450 field 
emission gun scanning electron microscopy was used. 
The surface morphology obtained by each electrode is 
analyzed and compared qualitatively with correlations to 
quantitative trends. Similarly, a precision weight balance 
was used to measure the weight of workpiece before and 
after machining with 0.001 g of least count. The differ-
ence in weight is processed with machining time required 
to machine 300-µm cavity to result in material removal 
rate. All response parameters such as arithmetic mean Ra, 
highest peak and the deepest valley distance Rt, average 
peak-to-valley distance Rz, and material removal rate are 
further processed through analysis of variance to deter-
mine parametric significance and grey relational analysis 
for optimized results.

3  Results and discussion

Thorough preliminary and mature experimentation 
phases were completed to analyze the machinability and 
evolved surface of Ti6Al4V through different electrode 
materials under various conditions. In addition, com-
prehensive statistical as well as morphological analyses 
were carried out to improve cutting efficiency and sur-
face integrity.

3.1  Parametric control analysis

Parametric control analysis is performed to evaluate the 
influence over response parameters. The main effect plots 
are generated, which describe the behavioral patterns of 
response measures with increasing values of machining fac-
tors to characterize the physics involved in the process [29]. 
The parametric trends of all the significant control variables 
are discussed in relation to physical science.

3.1.1  Roughness—arithmetic mean Ra

The machining is carried out using a constant SiC powder 
concentration of 5 g/L in dielectric to obtain improved die-
lectric properties. The powder particles reduce the electrical 
resistivity of dielectric medium by distributing the plasma 
channel to multiple routes. The impulse forces are reduced 
in the discharge gap because of powder particles breaking 
the spark channel. The mechanism results in a balanced dis-
tribution of spark energy creating melting on the surface. 
Employing the mechanistic benefits of powder-mixed dielec-
tric, different tool electrodes are employed based on their 
thermal conductivities which aid in material removal mecha-
nism. The graphite electrode produced a relatively higher 
mean roughness Ra, and the aluminum electrode resulted 
in relatively least Ra, as shown in Fig. 2. Gr produced the 
highest surface roughness of 14.16 µm. Referring to Fig. 2, 
it is observed that Al having the lowest melting temperature 
of 660 °C, in all selected tool materials, resulted the low-
est surface roughness around 5.1 µm with less temperature 
effect (as evident in the micrographs in Fig. 2). However, 

Fig. 2  Main effect plot for the 
arithmetic mean (Ra)
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brass, copper, and graphite with higher melting temperatures 
940 °C, 1089 °C, and 3300 °C, respectively, melted and 
vaporized more material and produced a surface with large 
and deep craters. A higher surface roughness value recorded 
for graphite was around 9.1 µm. Ahmed et al. [30] evalu-
ated the role of material on surface roughness, showing that 
graphite is the electrode with the highest thermal energy, and 
the high melting point helps to erode the more workpiece 
material with larger cavities, resulting in rougher surfaces 
compared to brass and copper electrode.

Figure 2 shows the impact of pulse current on Ti6Al4V 
surface roughness Ra values. Initially, at 8 A pulse current, 
material from the surface eroded with deeper craters giving 
rise to Ra to ~ 7.5 µm. However, the dissipation of the heat 
was not balanced because of the poor thermal conductivity 
of Ti6Al4V. Therefore, with the increase in pulse current, 
the discharge energy density was increased, reflecting the 
increased volume of the melt pool. The effect breaks the 
dielectric and generates carbon constituents. These carbon 
constituents settle down on the workpiece surface and hinder 
material erosion, with small and shallow craters forming on 
the surface. Therefore, increasing the pulse current up to 14 
A reduced the surface roughness Ra value by around 5 µm. 
A similar effect was experienced in literature where a bal-
anced correlation of higher current values with improved 
flushing control was recommended [31]. Conclusively, a 
higher pulse current produces an improved surface and helps 
remove unwanted material efficiently.

The effect of pulse on time on the Ra is illustrated in 
Fig.  3, which is directly related to increased material 
removal and higher surface roughness. At 50 µs, a low 
roughness of 5 µm was recorded. Further increase in pulse 
on time at 100 µs erodes more material with deeper craters, 
and Ra rose to ~ 8.7 µm. At 75 µs and 125 µs decreasing 
trend in Ra, values were observed due to debris accumula-
tion between the inter-electrode gaps. In addition, improper 
flushing causes dispersal of the spark, resulting in low mate-
rial erosion and smaller craters on the surface with decreased 
Ra values. When the spark generation is increased, the dis-
charge energy gets denser, and the impulsive force of the 
spark erodes the work part resulting in larger and deeper 
interconnected craters. The higher difference of surface pro-
file from the mean line reflects in increased roughness Ra. 
Al Amin et al. [8] studied that the increase in pulse current 
and pulse on time enhances the density of plasma channel 
that will ionize the more material and surface roughness 
increased of 316L steel.

An increase in pulse off time promotes the proper flushing 
time and cooling of melted material over the machined sur-
face. At the low pulse off time 25 µs, low flushing action is 
performed to remove debris which results in compromised, 
unwanted material removal and produces high 8.5 µm rough-
ness (Fig. 2). The increase in off time balances of spark 

generation time and flushing action, which reduce Ra 
to ~ 4.2 µm showing relatively 50.58% decrease. Further-
more, an increase beyond a certain threshold destabilized 
melt pool dynamics which resulted in ~ 11.90% increase 
(4.7 µm at 100 µs). A similar physics was observed in the lit-
erature [32]. In the negative polarity, high discharge energy 
is distributed at the positive electrode, which results in uni-
formly distributed deeper cavities with a higher roughness 
Ra of 6.6 µm. In the positive polarity, more charge is dis-
tributed on the tool electrode, and less workpiece erosion is 
observed. This reduced roughness by ~ 12%, a similar behav-
ior reported in another study [33]. Samples machined with 
different conditions are shown in Fig. 3. Dong et al. [31] 
concluded that polarity helps to generate a strong and dense 
plasma channel which forms large cavities with increased 
material removal.

The surface morphology of Ti6Al4V produced through 
aluminum electrode is shown in Fig. 4. The evidence of 
patches of smooth surface, craters, and redeposits is high-
lighted. The aluminum electrode has the lowest melting 
temperature among others. The heat transfer in the tool-
workpiece interaction zone melts the tool material (melting 
temperature 660 °C) significantly as compared to workpiece 
material which has a higher melting temperature of 1660 °C. 
The melt material is redeposited on the surface during pulse 
off time and creates a brittle recast layer. The cracks are 
also formed on the surface because of the brittleness of tita-
nium oxides and carbides. Isik et al. [11] discussed a similar 
mechanism which forms irregularities on the surface during 
machining of cemented carbide. The authors showed micro-
cracks, surface damage, and crater formation on the recast 
layer because of thermal energy transfer. Conclusively, the 
synergistic effect of high discharge current (effectively chan-
neled through powder particles) and flushing time results 
in sufficient heat formation in the interaction zone showing 
high melting and vaporization activity. The flushing action 
removes melt material which forms low degree of dam-
age. Similarly, the powder particles distribute the discharge 
energy in a balanced manner preventing the formation of 
deep craters and other defects. These mechanisms combined 
result in low arithmetic roughness. A similar mechanistic 
phenomenon is endorsed by Ahmed et al. [7] and Darji et al. 
[20].

3.1.2  Roughness—highest peak and the deepest valley 
distance Rt

A similar trend is observed (Fig. 5) for Rt, which is the high-
est peak and the deepest valley distance. It influences tribo-
logical applications as the peaks with smoothened forming 
debris which sometimes are considered hazardous to the 
environment.
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It can be inferred from Fig. 5 that aluminum has the low-
est roughness Rt around 28 µm, as compared to all other 
electrodes, because of the lowest melting temperature of the 
electrode compared to the workpiece with a high melting 
temperature of 1660 °C. The highest roughness was gener-
ated by graphite electrode ~ 61 µm which can also be seen 
from morphological analysis presented in Fig. 6. Copper 
resulted less Rt roughness (~ 34 µm) ~ 22.22% compared to 
brass electrodes because of the high packing density and 
melting temperature of copper atoms than brass atoms.

Pulse current and pulse on time are related to discharge 
energy. Gupta et al. [34] investigated that the pulse current 
increase raises the discharge energy, increasing the debris 
accumulation on the workpiece. The increase will cause 

unstable sparking, which results in small and intercon-
nected craters. A similar trend with respect to Ra is observed 
when increasing the pulse current from 10 to 14 A. The 
increase in pulse current decreased the peak-to-valley height 
by ~ 27.65%. However, the rise in the pulse on time from 50 
to 125 µs increased the material erosion time with a higher 
intensity of plasma channel. This phenomenon resulted in 
an increase in Rt from 33 to 55 µm. Pulse off time followed 
a similar trend as Ra as it is linked with flushing charac-
teristics. The adequate cleaning of the melt pool decreased 
40% of the crater characteristics by resulting in Rt 33 µm at 
100 µs. Positive polarity showed the more favorable condi-
tion of decreasing trend of Rt as compared to negative polar-
ity as it is linked with the energy distribution principle [35].

Fig. 3  Machined surfaces and 
profilograms at low and high 
Ra obtained with Al (a, b), Br 
(c, d), Cu (e, f), and Gr (g, h) 
electrodes
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The process significantly depends on the thermos-
physical attributes of workpiece and tool electrode. How-
ever, non-thermal attributes are not completely irrelevant 
depending upon mechanical effects and electric-dynamic 
properties. The surface machined through the graphite tool 
electrode is shown in Fig. 6. A high content of redeposits 
is evident which is of white color showing the formation of 
oxides during the flushing action. The graphite electrode 
produced high peak-to-valley distance because of its high 
melting temperature of 3300 °C as compared to Ti6Al4V 
1660 °C. The synergistic effect of high thermal conduc-
tivity (400 W-m−1  K−1) of graphite and low conductivity 
(6.7 W-m−1  K−1) results in blockage of heat energy on the 

surface creating deeper and wider craters. Moreover, the 
breakdown of open circuit voltage between the powder 
particle and workpiece/tool results in sparking activity by 
emitting electrons from the cathode electrode. The elec-
trons collide with kerosene molecules forming additional 
electrons and positive ions. The formation of high-energy 
plasma channel between the tool electrode-powder parti-
cle-workpiece results in the formation of metal oxides and 
carbides on the surface because of the reaction between 
melt and dielectric [36]. Therefore, considering the above 
mechanism, graphite is a stable cathode as compared to 
copper or other alternatives which promotes intense mate-
rial removal resulting in deep and wide craters.
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Fig. 3  (continued)
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3.1.3  Roughness—average peak‑to‑valley distance Rz

The average peak-to-valley distance is analyzed to have a 
better understanding with respect to tribological needs. Since 
two surfaces slide on each other in tribological systems, the 

possibility of the wear increases if the surface has more peak 
heights. The overall trends are similar to Ra; however, the 
distances differ in several folds. Therefore, the peak-to-depth 
distance is important to characterize considering the vari-
ability of thermo-electrical properties of electrodes [37].

Fig. 4  Surface morphology pro-
duced by aluminum electrode, 
14 A pulse current, 75 µs pulse 
on time, 75 µs pulse off time, 
and + ve polarity

Fig. 5  Main effect plot for the 
highest peak and the deepest 
valley (Rt)
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Electrode material and pulse on time are the 2nd and 3rd 
highest percentage contributors, which have been deter-
mined through analysis of variance (discussed in a later 
section) that affects the mean roughness depth. Graphite 
shows a 60% increase in Rz (44 µm) compared to aluminum. 
Graphite is thermally conductive with higher mobility of 
electrons. This results in the sparks going deeper into the 
surface and eroding the material. The intense spark with 
high discharge energy increased the peak-depth distance up 
to 42 µm about 90% when Po increased from 75 to 100 µs. 
The arcing and debris accumulation also influence the peaks 
and valley distribution [34]. Ramamurthy et al. [29] found 
that a higher pulse current produced deeper cavities with 
poor surface integrity. Likewise, Ahmed et al. [30] affirmed 
that balanced sparking with flushing action results in shallow 
craters with improved surface quality and lower roughness. 
Pulse off time controls Rz significantly and has the highest 
percentage contribution. The control indicates the need for 
improved flushing and adequate removal of the melt pool. 
With the increase in pulse off time from 25 to 75 µs, a rela-
tive decrease of 47% is observed. A similar descending trend 
is visible for the pulse current. The lowest Rz achieved at 
different conditions of the pulse off time is about 22 µm, as 
shown in Fig. 7. Therefore, to control the average rough-
ness, peak-to-value distance, and surface integrity, a bal-
anced distribution of discharge energy is needed. The alu-
minum electrode outperformed the surface characteristics 
in comparison to other electrodes. However, the surface 

attributes are strongly linked with cutting efficiency and ero-
sion mechanism [9], requiring simultaneous optimization 
without compromising any objectives.

The machined surfaces produced through copper and 
brass are shown in Fig. 8 and Fig. 9, respectively. The 
surface obtained with copper electrode has a large degree 
of redeposits and carbon. The crack formation is less as 
compared to aluminum electrode. However, the redeposi-
tion of particles is significantly high as compared to other 
alternatives. The average peak-to-valley distance obtained 
by copper is comparable to aluminum and brass (deriva-
tive of copper with zinc). Whereas the brass produced 
wider craters with a high degree of cracks, the copper has 
a higher melting temperature of 1083 °C as compared to 
brass 940 °C and aluminum 660 °C. The craters are visible 
on the surface machined through brass because high tool 
degeneration results in higher roughness [7]. The tool is kept 
as the inverse of workpiece shape during electric discharge 
machining process which requires balanced thermal inten-
sity and material removal of workpiece and tool. The copper 
electrode offers the highest electric conductivity 59.6 ×  106 
S-m−1 which ensures high conduction of electrons from the 
tool surface. The increased conductivity results in excessive 
sparking conditions which disintegrate dielectric fluid and 
increase melt volume. The mechanism results in the depo-
sition of carbon on the surface. The other electrodes have 
not resulted comparable proportion of carbon on the sur-
face, whereas the brass resulted in wide craters and cracking 

Fig. 6  Surface morphology 
produced by graphite electrode, 
14 A pulse current, 75 µs pulse 
on time, 75 µs pulse off time, 
and + ve polarity
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resulting from poor thermal conductivity. The heat is con-
fined in the interaction zone resulting in unbalanced melting 
of the workpiece surface.

Conclusively, the small and interconnected craters usually 
result from electro-thermal mechanism of discharge breakage. 
Similarly, the wider craters are the synergistic effect of poor 

thermal conduction of both tool and workpiece. The inter-
connected craters lower the roughness because of the support 
from thermal conductivity and low impulsive forces in the 
plasma channel. Therefore, branching of electric arcs, effec-
tive flushing attributes, and sufficient thermal conduction are 
required to machine the material with least surface defects.

Fig. 7  Main effect plot for an 
average peak-to-valley distance 
(Rz (ISO))

Fig. 8  Surface morphology 
produced by copper electrode, 
14 A pulse current, 75 µs pulse 
on time, 75 µs pulse off time, 
and + ve polarity
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3.1.4  Material removal rate

The highest material removal rate was obtained with the 
Br electrode, 12.20  mm3/min, while Gr showed the second-
highest, 3.06  mm3/min. However, the Al electrode resulted in 
the least MRR among its competitors (Fig. 10). The reason 

behind this trend is the melting point difference between the 
workpiece and tool. The graphite electrode shows predictive 
behavior of the increase in heat dissipation rate in graph-
ite electrodes compared to the workpiece. Heating in the 
interface of the small particle-sized sintered graphite results 
in improved surface generation with reduced porosity and 

Fig. 9  Surface morphology 
produced by brass electrode, 
14 A pulse current, 75 µs pulse 
on time, 75 µs pulse off time, 
and + ve polarity

Fig. 10  Trend analysis of 
parametric levels for material 
removal rate
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crack density. The interfacial energy erodes the surface with 
smaller and shallow craters, consequently lowering mate-
rial removal by 2  mm3/min compared to brass [38]. These 
tool materials show more damage in their geometry after 
the machining with more material removal rate, and rougher 
surfaces are generated as a result of machining [39].

Al electrode has a lower melting point (660 °C) than 
Ti6Al4V melting point (1660 °C), which promotes more 
material erosion and vaporization of tool material rather than 
workpiece material which reduces the material removal rate 
[40]. The choice of the brass electrode gives the highest 
MRR, about 5.5  mm3/min. This increase is because of the 
different densities between the workpiece and tool elec-
trode, as the density of brass is 8.73 g-cm−3 which is 65.33% 
greater than the density of Ti6Al4V. The bond strength of 
the workpiece electrode atoms is far smaller than brass elec-
trode atoms which results in erosion of the workpiece sur-
face compared to the tool electrode [7]. Although copper 
has more density as compared to brass, however, thermal 
conductivity of 385 W-m−1  K−1 of copper is more than brass 
and aluminum. The correlation between thermal conduc-
tivity and density helps brass to outperform. The dissipa-
tion heat reduces plasma intensity which affects workpiece 
erosion (Fig. 11). Therefore, the copper electrode resulted 
in ~ 1.2  mm3/min owing to high thermal conductivity and 
high energy transmission rate through the atoms of electrode 
material. Graphite electrode has very unique electrical, ther-
mal, and physical properties (Table 4) that is advantageous 
during machining as its melting point is 3300 °C as com-
pared to the workpiece’s 1660 °C. Dong et al. [41] concluded 
that the greater melting temperature difference increases the 
erosion of the workpiece. This results in reduced tool elec-
trode wear. However, a lower density (1.77 g-cm−3) graphite 
tool with a higher thermal conductivity of 400 W-m−1  K−1 
hinders a higher material removal rate.

An increase in the pulse current showed the increasing 
linear trend for material removal since the upsurge gener-
ates the pool of intense discharge energy channel (Fig. 11). 
From the main effect plot, an increase in pulse current from 
8 to 14 A provokes material vaporization. This phenomenon 
causes to increase in MRR from 1.2 to 4  mm3/min. At high 

pulse current 12 A, the accumulation of debris because of 
the inefficient flushing process with less intense sparking 
resulted in a slight decrease in trend. The pulse on time 50 µs 
resulted in ~ 3  mm3/min material removal rate. With the 
increase in pulse on time, energy transfer increased, which 
resulted increased 4  mm3/min MRR (~ 33.33% increase). 
However, further increase in on time (75 to 100 µs) imbal-
anced the sparking and caused debris accumulation because 
of improper flushing action. This debris facilitates through 
widening the discharge energy column with a decrease in the 
discharge energy density at the material erosion drops down 
to 1.2  mm3/min. This promoted the arcing effect and reduced 
the removal rate. Teimouri et al. [42] considered arcing phe-
nomenon to reduce MRR at increased pulse on value.

At the lower pulse off time, 25 µs maximum erosion of 
the workpiece around 4  mm3/min is observed in Fig. 10. An 
increase in the pulse off time resulted in the decreasing trend 
of material removal up to 0.75  mm3/min due to compromised 
sparking to flushing ratio [30]. The negative polarity resulted 
in ~ 4  mm3/min, which is significantly higher than the positive, 
where a 75% reduction was observed. The results are in line with 
the literature where negative polarity is recommended for higher 
MRR [41]. Cyril Pilligrin et al. [43] evaluated the effect of polar-
ities on drilling the micro-holes in 316L steel where high MRR 
was observed with negative polarity. EDM typically involves the 
use of dielectric fluids to flush away eroded material and cool 
the workpiece. Some dielectric fluids may not be compatible 
with aluminum, leading to chemical reactions or contamination 
of the fluid, which can affect the overall process performance. 
But Al electrode can be used for specific application in EDM. 
Aluminum has a relatively high thermal conductivity compared 
to copper, brass, and graphite. This means that it can effectively 
dissipate the heat generated during the EDM process, preventing 
excessive localized heating of the workpiece [44, 44]. SiC pow-
der added to the dielectric improves the machining efficiency 
by assisting in the melting and removal of recast layers from the 
workpiece surface. It acts as an abrasive material. Therefore, the 
combination of the high thermal conductivity of aluminum, the 
benefits of SiC powder in the dielectric, and the specific char-
acteristics of titanium can create a synergistic effect that leads 
to an improved surface finish. On the other hand, aluminum has 

Fig. 11  Schematic of the elec-
tric spark erosion and surface 
wear phenomenon (a) without 
addition of powder and (b) with 
addition of powder
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a lower melting point than titanium alloys like Ti6Al4V. Alu-
minum’s relative erosion resistance compared to copper, brass, 
and graphite, combined with the effects of SiC powder, can lead 
to reduced electrode wear. There could be some intermixing or 
alloying between aluminum electrode and titanium workpiece 
at the microscopic level during repeated sparking. Aluminum 
reacts with oxygen in the dielectric and the EDM plasma to 
form aluminum oxide  (Al2O3) [27, 45]. This oxide layer may 
form on the aluminum electrode surface, affecting its behavior 
and potentially introducing  Al2O3 into the EDM. SiC powder 
can potentially decompose at high temperatures, releasing sili-
con (Si) and carbon (C) species. These released species could 
potentially react with other elements present in plasma, leading 
to the formation of compounds like silicon carbides or other Si-
containing species [46, 47].

3.2  Parametric significance analysis

Analysis of variance (ANOVA) is carried out to estimate 
the relative impact of individual variables on all meas-
ured response parameters. F-value plays a significant role 
in showing the relative importance of input factors [30]. 
ANOVA tests the model’s acceptability with a confidence 
level of 95% against the P-value, which should be less than 
0.05 [31]. Apart from P-values, percentage contribution 
(PCR) is also determined, which illustrates the control of 

the specific response. The analysis of variance results for 
material removal rate depicts that electrode material, polar-
ity, pulse current, and pulse off time are significant as their 
P-values are less than 0.05 at a confidence level of 95% 
(Table 7). The electrode material is the highest contributing 
factor having a PCR of 32.65%, followed by pulse off time, 
having a PCR of 21.92%. Furthermore, the analysis of the 
variance of surface roughness characteristics is carried out 
to understand the underlying phenomena which control the 
features of the surface. It is observed that electrode material, 
pulse current, pulse on time, and pulse off time are signifi-
cant on the surface roughness parameter at a 95% confidence 
level. It reflects the significant contribution of controlling the 
morphology of the surface.

Firstly, the pulse on time (ON) is found to be the highest 
contributing factor (32.15%) to control arithmetic roughness, 
followed by pulse off time (28.40%). ANOVA results for Rt 
reveal that electrode material is the most contributing factor 
(38.87%), which controls the peaks and valley distance. The 
ANOVA results for Rz show that all parameters are signifi-
cant, with pulse off time having the highest control, 32.82%, as 
flushing action contributes to form a recast layer and removal 
of the melt pool. Secondly, the pulse on time 30.93% and, 
thirdly, electrode material 26.66% influence significantly 
in controlling the surface features crucial for tribological 
requirements.

Table 7  ANOVA results for 
material removal rate and 
surface roughness parameters

*Significant at 95% confidence level

Source DF F-value P-value PCR (%) F-value P-value PCR (%)

Parameters MRR Ra
El 3 51.05 0.019* 32.65% 70.61 0.014* 24.73%
PC 3 21.79 0.044* 13.94% 38.73 0.025* 13.57%
ON 3 14.93 0.063 9.55% 91.78 0.011* 32.15%
OFF 3 34.27 0.028* 21.92% 81.07 0.012* 28.40%
Po 1 100.93 0.010* 21.52% 7.83 0.108 0.91%
Error 2 0.43% 0.23%
Total 15 100.00% 100.00%
Model summary
MRR R-sq = 99.57% R-sq(adj) = 96.80%
Ra R-sq = 99.77% R-sq(adj) = 98.25%
Parameters Rt Rz
El 3 137.81 0.007* 38.87% 163.48 0.006* 26.66%
PC 3 33.74 0.029* 9.52% 40.49 0.024* 6.60%
ON 3 101.18 0.010* 28.54% 189.66 0.005* 30.93%
OFF 3 75.78 0.013* 21.37% 201.20 0.005* 32.82%
Po 1 16.08 0.057 1.51% 52.90 0.018* 2.88%
Error 2 0.19% 0.11%
Total 15 100.00% 100.00%
Model summary
Rt R-sq = 99.81% R-sq(adj) = 98.59%
Rz R-sq = 99.89% R-sq(adj) = 99.18%
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3.3  Multi‑response optimization

Considering the conflicting nature of the responses, multi-
response optimization is needed to better optimize problems 
with multiple responses and process parameters. Therefore, the 
grey relational analysis is one of the multi-objective approaches 
which has been applied to different fields because of its capability 
to result in balanced compromise. The grey relational analysis 
starts by normalizing experimental results (surface roughness 
and MRR) in the range of zero to one, a process known as a 
grey relational generation. The grey relational coefficient is com-
puted from the normalized experimental data to describe the link 
between the desired and actual experimental data. The grey rela-
tional grade (GRG) is then calculated by averaging each process 
response’s grey relational coefficient. The grey relational grade 
assesses the overall quality of the many process outcomes. Con-
sequently, the optimization of several complex process responses 
may be reduced to the optimization of a single grey relational 
grade. In this technique, the linear data preprocessing method for 
MRR, which is higher-the-better, was expressed as Eq. 1.

Similarly, surface roughness is lower-the-better and can be 
expressed as Eq. 2:

where xi(m) is the value after the grey relation genera-
tion, minyi(m) is the smallest value of yi(m) for the mth 
response, and maxyi(m) is the largest value of yi(m) for the 

(1)xi(m) =
yi(m) − minyi(m)

maxyi(m) − minyi(m)

(2)xi(m) =
maxyi(m) − yi(m)

maxyi(m) − minyi(m)

mth response. An ideal sequence is x
0
(m)(m = 1, 2, …9) for 

surface roughness and MRR. The definition of grey relation 
generation is to show the relational degree between the nine 
sequences [ x

0
(m) and xi(m) , i = 1, 2, …9: m = 1, 2, …9]. The 

grey relational coefficient �i(m) can be calculated as Eq. 3:

where Δ
0i=‖‖x

0
(m)-xi(m) ‖‖ is the difference of the absolute 

value between x
0
(m) and xi(m) ; � is the distinguishing coef-

ficient (0 ~ 1); Δmin is the small value of Δ
0i ; and Δmax is the 

largest value of Δ
0i [22]. After averaging the grey relational 

coefficients, the grey relational grade �i can be obtained as 
Eq. 4:

Here, the ranking is calculated based on the highest val-
ues of GRG. The level with the highest rank shows opti-
mum parametric levels. Normalizing sequence, deviation 
sequence, grey relational coefficients (GRCs), GRD, and 
ranking for all experimental conditions are listed in Table 8.

It can be seen from the data (Table 8) that experiment number 
5 conditions obtained the highest rank. These conditions are Cu 
electrode, 8 A pulse current, 75 µs pulse on time, 75 µs pulse off 
time, and negative polarity. From the ANOVA results of GRA 
(Table 9), it can be seen that all factors are statistically signifi-
cant, with a pulse on time being the most significant parameter 
having a PCR of 46.76%. Similarly, the pulse off time and elec-
trode materials controlled 19.88% and 19.76% of all responses, 
respectively. The polarity was found the least contributing factors 

(3)�i(m) =
Δmin + �Δmax

Δ
0i(m) + �Δmax

(4)�i =
1

n

n
∑

k=1

�i(m)

Table 8  Grey relational analysis 
results

Exp. no Normalizing Deviation sequence Grey relational coefficient GRG Rank

MRR Ra Rt Rz MRR Ra Rt Rz MRR Ra Rt Rz

1 0.00 0.72 0.84 0.67 1.00 0.28 0.16 0.33 0.33 0.64 0.76 0.60 0.586 11
2 0.04 0.89 1.00 0.90 0.96 0.11 0.00 0.10 0.34 0.81 0.99 0.84 0.746 5
3 0.02 0.91 0.92 0.80 0.98 0.09 0.08 0.20 0.34 0.85 0.86 0.71 0.690 9
4 0.09 0.97 0.99 0.88 0.91 0.03 0.01 0.12 0.36 0.95 0.98 0.81 0.774 4
5 0.07 1.02 1.01 1.00 0.93 0.02 0.01 0.00 0.35 1.03 1.01 1.00 0.849 1
6 0.02 1.00 0.98 0.93 0.98 0.00 0.02 0.07 0.34 1.00 0.97 0.88 0.797 3
7 0.07 0.68 0.56 0.61 0.93 0.32 0.44 0.39 0.35 0.61 0.53 0.56 0.514 13
8 0.09 0.66 0.82 0.64 0.91 0.34 0.18 0.36 0.36 0.60 0.74 0.58 0.568 12
9 0.00 0.62 0.60 0.66 1.00 0.38 0.40 0.34 0.33 0.57 0.56 0.59 0.513 14
10 0.00 0.89 0.62 0.93 1.00 0.11 0.38 0.07 0.33 0.82 0.57 0.88 0.651 10
11 0.72 0.91 0.79 0.81 0.28 0.09 0.21 0.19 0.64 0.84 0.70 0.73 0.730 6
12 1.00 0.92 0.75 0.82 0.00 0.08 0.25 0.18 1.00 0.86 0.67 0.74 0.817 2
13 0.22 0.20 0.16 0.20 0.78 0.80 0.84 0.80 0.39 0.38 0.37 0.39 0.383 15
14 0.18 0.03 0.00 0.00 0.82 0.97 1.00 1.00 0.38 0.34 0.33 0.33 0.346 16
15 0.05 0.96 0.86 0.88 0.95 0.04 0.14 0.12 0.34 0.93 0.78 0.81 0.718 7
16 0.03 0.94 0.85 0.88 0.97 0.06 0.15 0.12 0.34 0.90 0.77 0.80 0.703 8
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as compared to others. The R-sq value 99.91% and R-sq(adj) 
99.36% show the model’s adequacy which highlights that all data 
points are predictable with minimal error percentage.

The response results of means for GRG (Fig. 12) represent 
that pulse on time at level 2 affects more than other parameters. 
The main effect plot (Fig. 12) reveals the highest GRG mean 
achieved with the Al electrode, pulse current of 14 A, pulse 
on time of 75 µs, pulse off time of 75 µs, and negative polarity 
condition. The confirmatory experiments on the settings recom-
mended by the grey relational grade have been carried out to 
second the analysis.

4  Conclusions

The study has been carried out to investigate the potentiality 
of electric discharge machining of Ti6Al4V for tribological 
applications. A wide range of process parameters, including 

four types of electrodes, have been evaluated to quantify 
the influence over different surface parameters. Based on 
thorough experimental results, the following conclusions 
are drawn:

1. The increase in pulse on time at 100 µs erodes more 
material with deeper craters, and Ra rose to ~ 8.7 µm. 
At 75 µs and 125 µs decreasing trend in Ra, values were 
observed due to debris accumulation between the inter-
electrode gap.

2. The aluminum has resulted the lowest roughness Rt 
around 28 µm because of the lowest melting tem-
perature of the electrode compared to the workpiece 
with a high melting temperature of 1660 °C. Copper 
resulted less Rt roughness (~ 34 µm) ~ 22.22% com-
pared to brass electrodes because of their different 
compositions and structures. Brass contains two dif-
ferent types of atoms (copper and zinc) that can cre-
ate irregularities in its crystal lattice, contributing to 
its slightly rougher texture compared to pure copper. 
Copper, being a single-element metal, has a more 
uniform and regular atomic arrangement, leading to 
a smoother surface. Brass has a lower melting point 
than pure copper due to the presence of zinc, which 
can make its surface slightly softer and more prone 
to deformation, potentially contributing to a slightly 
rougher feel.

3. In essence, the composition and crystal structure of the 
materials are the primary factors causing the difference 
in roughness between copper and brass, rather than 
packing density or melting point.

Table 9  ANOVA table for GRG 

*Significant (R-sq = 99.91%, R-sq(adj) = 99.36%)

Source DF F-value P-value PCR (%)

El 3 154.92 0.006* 19.76%
PC 3 84.27 0.012* 10.75%
ON 3 366.57 0.003* 46.76%
OFF 3 155.84 0.006* 19.88%
Po 1 64.76 0.015* 2.75%
Error 2 0.09%
Total 15 100.00%

Fig. 12  Main effect plot for grey 
relational grade
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4. The analysis of the variance of material removal rate 
depicts that electrode material, polarity, pulse current, 
and pulse off time are significant at a confidence level 
of 95%. The electrode material is the highest contribut-
ing factor having a PCR of 32.65%, followed by pulse 
off time, having a PCR of 21.92%. Similarly, the pulse 
on time is the highest contributing factor (32.15%) to 
control arithmetic roughness, followed by pulse off time 
(28.40%).

5. The machined surface with brass electrode possessed 
higher craters and cracks than the copper electrode. 
Likewise, a higher surface roughness was observed on 
the surface machined with Br than copper in terms of Ra 
and Rt, 5.45% and 36.36%, respectively.

6. Through grey relational analysis-based multi-response 
optimization, an optimal compromise between surface 
attributes and cutting efficiency is identified by Al elec-
trode, pulse current of 14 A, pulse on time of 75 µs, 
pulse off time of 75 µs, and negative polarity parametric 
conditions.

The research could be extended by taking into account the 
possibility of plasma chemical reactions that significantly 
affect the condition of the treated surface, especially when 
using an assisting powder.
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