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Abstract. In this study, the authors tried to make holes in a titanium-based superalloy by a completely new
machining method called electro-discharge drilling (EDD) using a gas-aided multi-hole rotating tool. Successful
machining of the titanium work samples is extremely challenging due to its extreme hardness and stiffness. One
of the key challenges facing the EDD operation is the elimination of spark-eroded matters from the electrodes
gap. Arcing happens when the trash is collected in the working passage, which adversely affects the performance
of the EDD. In this study, an effort has been made to explore an active ﬂushing mechanism that can improve the
ﬂushing activity during the EDD process. Computational ﬂuid dynamics analysis suggested that successful
internal ﬂushing by multi-hole rotating tools might result in the efﬁcient removal of the molten material from the
electrodes gap. In addition, in this study, a comparative assessment of the EDD with the gas-aided multi-hole
rotary electrode and the EDD with the stationary solid tool was carried out taking into account signiﬁcant EDD
responses. Besides, it was observed from the investigation that increased material removal rate and reduced
EWR as well as surface roughness were acquired in the EDD with a gas-aided multi-hole rotating electrode in
comparison with the EDD with a conventional stationary solid electrode. Basic analysis of surface morphology
indicates that the development of recast layers and surface cracks is not very likely to occur on specimens
machined with a gas-aided multi-hole rotating electrode in comparison with a workpiece machined with a
conventional stationary solid electrode. The results indicate that the use of pressured argon gas in EDD with a
gas-assisted multi-hole rotating electrode has a beneﬁcial effect on the execution of the procedure.
Keywords.

Titanium alloy; ﬂushing; EDD; MRR; SR; EWR; argon.

1. Introduction
Electrical discharge machining (EDM) is a non-traditional
machining technique that continues to be among the most
widely used machining processes for the machining of
extremely hard materials, difﬁcult to manipulate by traditional machining methods [1]. The development of the
aircraft industry has increased its interest in materials with
excellent mechanical, chemical and high-temperature
characteristics for different types of steel used in aircraft
components [2]. The interest in high-temperature and
efﬁcient engines has opened up the production of speciﬁc
materials designed to withstand high temperatures without
affecting their performance [3]. Aviation components in
the engine segment, in particular, have been exposed to
high temperatures and unfriendly natural environments for
a long period [4]. Such kinds of materials are known to be
materials that are difﬁcult to process. While EDM offers
*For correspondence

many advantages over standard machining procedures, its
drawback is the low material removal rate (MRR) and the
high tool wear rate (TWR). Various investigators have
used various means and methods to overcome this
restriction.
Kuppan et al. [5] investigated the impact of the tool
revolution during Inconel 718’s electro-discharge drilling
(EDD). Their results indicated that MRR was signiﬁcantly inﬂuenced by tool rotation as well as electrical
parameters. Moreover, they noted an improvement in the
surface ﬁnish with a rise in pulse duration. Koyano et al.
[6] researched the impact of gas bubbles on the functioning of EDM by varying the supply of compressed air.
The ﬁndings show that gas-containing bubbles improved
the evacuation effectiveness of eroded material from the
machining gap. Aliakbari and Baseri [7] explored the
machinability of EDM and investigated the impact of
notable electrical process parameters on responses. The
experimental analysis revealed that EDM process output
was greatly affected by electrode motion and geometry,
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apart from electrical parameters. They observed that
enhancement in process responses was ascribed to the
application of a rotary tool. Gu et al. [8] investigated the
EDM processing with a bundled electrode of the titanium
alloy samples. They compared bundled electrode and
conventional stationary solid tool machining output.
Findings recommended that in the event of a bundled
electrode, the application of multi-hole internal ﬂushing
would boost machining efﬁciency. In EDM, Yilmaz and
Okka [9] assessed the inﬂuence of single as well as
multichannel electrodes of different materials to drill the
different types of titanium alloys specimens. They correlated the outcomes and discovered that the singlechannel tool generated relatively improved MRR and
smaller electrode wear, while the multichannel electrode
gave the two metals superior surface ﬁnish. Jabbaripour
et al. [10] examined the impacts of EDM input process
parameters on MRR, electrode wear ratio (EWR) and
machined surface integrity of Ti–6Al–4V work samples.
They discovered that the particular facet of surface
integrity was inﬂuenced by pulse duration and discharge
current, while the surface cracks of the machined specimen were severely impacted by pulse energy alteration.
Wang and Liu [11] used a rotating tubular electrode of
graphite to examine the EDM milling of the titanium
alloy specimens. They contrasted EDM milling efﬁciency
with that of traditional EDM. Using a copper electrode,
Priyadarshini and Pal [12] applied a Taguchi design
technique to analyse the impact of parameters on the Ti–
6Al–4V alloy during the EDM process. Using the grey
relational Taguchi technique, they conducted parametric
optimization. Verma and Sajeevan [13] utilized the
orthogonal L-9 array to get the optimum value of process
factors of EDM during machining of titanium alloy
samples. The SEM assessment reveals that the surface of
the machined specimen is formed by a micro-chip recast
layer. The XRD assessment demonstrates that on the
surface of the machined work sample there is a tiny trace
of cubic titanium carbide. Plaza et al. [14] recently
explored the impact of a tool having a helical shape
during EDM of Ti–6Al–4V samples. Their outcome
shows that the implementation of the suggested tool
enhanced the ﬂushing activity involved in better MRR
and reduced EWR as well as machining time. To study
the machinability by the EDM method, Singh et al. [15]
researched the impact of the air-assisted multi-hole
electrode. They discovered that applying compressed air
through the proposed tool increased the MRR and
decreased the EWR under the same machining circumstances with regard to the conventional rotary tool. In the
EDM procedure, Yoshida et al. [16] researched the
impact of oxygen gas supply in a dielectric ﬂuid. They
note that machining efﬁciency enhances considerably
when oxygen is disintegrated in dielectric ﬂuid and provided in a machining zone.
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1.1 Research gaps and novelties of this study
• Numerous attempts made in the past to leverage the
potential of exotic materials such as Ti-alloy inherit
low surface ﬁnishing, below average MRR and high
tool wear. Sub-standard surface ﬁnish, attributed to the
formation of overlapping layers and craters owing to
the recasting of the remaining materials on the
machined surface, will have a degrading effect on the
execution of parts with near-geometric tolerances in
the precisely drilled hole. Compelling research work is
therefore still needed to make use of the potential
capabilities of the EDD process.
• A hybrid machining process was used to machine hardto-cut components and was recorded for enhanced
MRR and SR. Furthermore, the use of EDD with a gasaided multi-hole rotary electrode has not been listed in
the accessible literature on hole-making nor has it been
recorded together for the assessment of MRR, EWR
and SR.
• After the study of existing accessible procedures, the
dry-EDM MRR was found to be low rather than oilbased EDM. On the other hand, less tool wear than
conventional EDM has been reported. Works [17–21]
have shown that the geometry of tools signiﬁcantly
improves the ﬂushing function. Therefore the current
study seeks to develop an EDD method that uses both
oil and compressed argon gas as dielectrics using the
multi-hole rotary tool during traditional EDM operation, in order to extrapolate advantages from both oil
EDM and dry EDM.
During this experimental study, the effect of both oil and
compressed gas on the functioning of EDD was investigated by the application of pressurized gas (argon) via a
multi-hole rotary electrode. Argon is used as a gas to avoid
the process of oxidation and to prevent hazardous explosions. The high heat carrying ability of argon, on the other
hand, leads to a more efﬁcient cutting accuracy and, due to
its inert nature, can improve surface integrity. The impact
of the various variables on the process and functioning of
the MRR, EWR and SR was analysed through peak current,
pulse duration, duty cycles, tool rotation and discharged gas
pressure. In this research paper, an attempt has been made
to address the issues identiﬁed with MRR, EWR and SR of
a generated hole by conventional EDD and gas-aided rotary
EDD of titanium alloys specimens. The authors carried out
a gas-aided multi-hole rotary electrode EDD and traditional
EDD machining with a stationary solid electrode. Signiﬁcant improvements have been seen in the MRR, EWR and
SR of machined samples with a gas-aided multi-hole rotary
electrode in comparison with a conventional stationary
solid electrode with sufﬁcient control of input factors
within the range considered, including tool rotation and gas
pressure.
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2. Methodology

tool wear rate ¼

A titanium alloy (Ti–6Al–4V4V) specimen of length
15 mm and a diameter of 12 mm was examined. The
sample scrutinized for testing had a hardness of 40HRC.
Table 1 shows the chemical composition of the selected
specimen.
To ensure efﬁcient heat transfer from the tool end, a tool
with a diameter of 8.50 mm and a length of 75 mm was
selected. Figure 1 shows a set-up diagram of the EDM
machine. The graphical perspective of the tool is shown in
Figure 2. In the case of a multi-hole electrode, 1.5 mm
diameter holes are pierced on the electrode surface at 4, 5
and 6 mm pitch circle diameter (PCD).
The material removal mechanism of the method developed is demonstrated in Figure 3. The material is extracted
in two phases during the process. Next, the EDD action
takes place between the copper electrode and the workpiece
when the DC pulse supply is connected to the EDM
machine. Sparks are formed between the rotating electrode
and the workpiece, where a temperature of up to 8000C is
generated [5]. The temperature melts the substance of lower
melting point. Eroded particles are extracted effectively
from the electrodes gap due to the supply of pressured gas
through a multi-hole rotating electrode.

3. Experimentation
The gas-aided multi-hole rotary electrode was used on the
EDM machine to perform the experiments. The machining
time was set at 25 min throughout the experiments. The
process factors have been selected for the experimental
study, viz. peak current, pulse-on time and duty cycle.
Apart from the afore-mentioned process factors for gasassisted multi-hole rotating electrode experiments, gas
pressure and tool rotation were also considered and their
value remained constant at 12 mmHg and 500 rpm,
respectively. The values of these variables were chosen
based on the pilot run test. Beyond the range, the effect of
tool rotation speed and discharge gas pressure is not signiﬁcant. Table 2 shows the machining parameters
employed in the study. The voltage of the open-circuit was
held at 60 V.
The TWR has been assessed as the ratio of the eroded
weight of the electrode to the machining period, while the
MRR has been assessed as the ratio of the workpiece wear
weight to the machining period [22]:
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wear weight of tool
;
machining time

material removal rate ðmg/minÞ
wear weight of the specimen
:
¼
machining time

ð1Þ

ð2Þ

Samples and tools were washed in acetone following each
experiment. An electronic measuring machine was used to
measure the decrease in weight of the samples and tools. A
roughness tester (Mitutoyo: SJ 201P) has been utilized to
measure the roughness of the machined workpiece. Each
specimen is measured thrice and their average is taken as
response value.

3.1 Analysis of variance (ANOVA)
ANOVA has been often utilized to assess the suitability of
the model established. The signiﬁcance of the entity and
interaction effects is evaluated by analysing the differences
between the control factors impact and the variability in the
observed measurements induced by random error variance.
The variance of data down to random exploratory variance
and interaction is meant to refer to as variance inside the
control factors that make up the experiment. The ANOVA
method enables evaluation of the factors most pertinent to
the performance of the desired analysis, thus providing
improved reliability. The ANOVA of the second-order
model of the AAEDD process is shown in Tables 3, 4 and
5. Equations (3)–(5) are the MRR, EWR and SR model
equations:
MRR ¼ 90:6  0:477  Ip  0:1135  Ton þ 4:93  DC
þ 0:1402  Ip2 þ 0:133  DC 2  0:17
 DC  Ip  0:29  Ip  Ton þ 3:45  Ip
 DC þ 0:0983  Ton  DC
ð3Þ
EWR ¼ 2:23 þ 0:0219  Ip  0:00550  Ton  1:42
 DC þ 0:0021  DC 2
2
þ 0:00012  Ton
þ 0:012  Ip  Ton þ 0:039

 Ip  DC
ð4Þ
SR ¼ 5:28  0:1403  Ip þ 0:00260  Ton  2:30
 DC  0:0094  Ip2
þ 0:062  DC  Ip  0:039  Ton  DC þ 0:0069
 Ip  Ton

Table 1. Chemical composition of the specimen.
C
0.08

Fe

O

V

Al

Ti

0.25

0.2

4

6

Rest

ð5Þ
The percentage input of each parameter and process output
error specify the value of the variance of error (ve) and the
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Figure 1. Experimental set-up schematics.

Figure 2. Graphical view of tool.
Figure 3. EDM process using gas-aided multi-hole rotating
electrode [1].

regression point’s amount as obtained using the ANOVA
table.
Yrange ¼ Y  DY
pﬃﬃﬃﬃﬃ
DY ¼ ta=2 ;DF  Ve

Table 2. Range of factors applied in experimental investigation.

ð6Þ

Machining parameter

ð7Þ

Discharge current Ip (A)
Pulse-on time Ton (ls)
Duty cycle DC

Denomination of the degree of freedom is indicated by
‘DF’ in the event of an error in response; ‘a’ denotes the
magnitude of trust interval and its value is considered to be
0.05. The variance of the process output is indicated by Ve.
The range of process responses can be obtained using (6).
In addition, error data for all process responses may be

Range
3–11
100–300
0.52–0.76

evaluated using equation (7). The computed error was
stated using the error bars in the ﬁgures. The range for
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Table 3. ANOVA for MRR in AAEDD.
Source
Regression

DF

Seq. SS

MS

F

9

128.300

14.2555

2.69

R2

P
0.144

0.829

Fðstandard
0:05;9;5Þ; ¼ 4:77

Linear

3

76.038

F regression [ Fðstandard
0:05;9;22Þ

Square

1

35.672

Fðstandard
0:05;9;5Þ; ¼ 4:77

3
5
3
2
14

21.589
26.456
18.130
8.326
154.756

Interaction
Residual error
Lack of ﬁt
Pure error
Total

F lackof fit \Fðstandard
0:05;3;5Þ model is adequate.
There is insigniﬁcant lack of ﬁt

3.2913
1.45

0.0433

Table 4. ANOVA for EWR in AAEDD.
Source

MS

Seq. SS

Regression

9

0.091452

Linear

3

0.035325

F regression [ Fðstandard
0:05;9;22Þ

Square

1

0.051877

Fðstandard
0:05;9;5Þ; ¼ 4:77

3
5
3
2
14

0.004250
0.014642
0.006867
0.006867
0.106093

0.010161

F

P

3.47

0.092

R2

DF

0.862

Interaction
Residual error
Lack of ﬁt
Pure error
Total

F lackof fit \Fðstandard
0:05;3;5Þ Model is adequate.
There is insigniﬁcant lack of ﬁt.

0.002928
1.75

Fðstandard
0:05;9;5Þ; ¼ 4:77

0.110

Table 5. ANOVA for SR in AAEDD.
Source
Regression

DF

Seq. SS

MS

F

P

9

1.26322

0.140358

2.38

0.176

R2
0.819

Fðstandard
0:05;9;5Þ; ¼ 4:77

Linear

3

0.94413

F regression [ Fðstandard
0:05;9;5Þ

Square

1

0.02864

Fðstandard
0:05;9;5Þ; ¼ 2:73

3
5
3
2
14

0.29045
0.29468
0.14648
0.29467
1.14820

Interaction
Residual error
Lack of ﬁt
Pure error
Total

0.058935
1.66

MRR, EWR and SR may be calculated using equations (8)–
(10):
MRRrange ¼ MRR  3:17 mg=min
ð8Þ
EWRrange ¼ EWR  0:134 mg=min

ð9Þ

SRrange ¼ SR  0:231 lm

ð10Þ

3.2 Computational ﬂuid dynamics (CFD) analysis
of gas ﬂow in inter-electrode gap
The ﬁndings show the better machining efﬁciency of the
multi-hole electrode in comparison with the conventional

0.065

F lackof fit \Fðstandard
0:05;3;5Þ Model is adequate.
There is insigniﬁcant lack of ﬁt.

solid electrode. In order to evaluate the mechanism, a
simulation of the dielectric ﬂushing ﬂow and the distribution of the shimmering materials in the machining zone
was performed using the Fluent (Ansys 18.1) program to
assess the ﬂushing effect through a multi-hole rotating
tool on the gap condition and on the machining
efﬁciency.
In this work, argon gas as ﬂuid is supplied by a bore
electrode of 75 mm length and 8.50 mm diameter with its
unique geometry (as deﬁned in section 2). Fluid ﬂow in
the cylindrical recesses of different PCDs in the rotating
tool has been modelled. Here, the tool is contained in a
domain that represents the distance between the tool and
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Figure 4. Controur of radial ﬂow velocity.

Figure 5. Pressure intensity at the interface of dielectric medium due to rotation and ﬂuid ﬂow through the tool.

the work sample. The resulting ﬂuid ﬂow at the outlet of
the tooltip causes turbulence to eradicate debris from the
machined surface. The model is based on a viscous

laminar ﬂow, K–epsilon with a meshing of 128504 elements and 50354 nodes. The initial boundary state at the
gas inlet velocity of the tool is 4 m/s and 1 atmospheric
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Figure 6. Axial velocity through cylindrycal passage at PCD 6, 8 mm.

pressure. The Reynolds number is calculated using the
following equation:
Re ¼

Vd
;
m

ð11Þ

where V is inlet velocity (m/s) D is inlet pipe diameter and m
is ﬂuid kinematic viscosity (m2/s).
The gas inlet velocity of the tool is 4 m/s, electrode
diameter is 8.50 mm and the dielectric liquid kinematic
viscosity is 1.3416910-5 m2/s; what is important to this
study, the rotational Reynolds number is computed to be
2534; this is far below the threshold value that implies the
initiation of the transition to turbulence [8]. The ﬂow was
therefore known to be laminar. The ﬂuid ﬂow system can
be considered for two different PCD cylindrical passages
(CPs) with a diameter of 6 and 8 mm. To demonstrate the
turbulence and ﬂow velocity of the ﬂuid the longitudinal
plane is shown through the axis of the tool by 6 mm PCDCP and the difference between the tool and the workpiece is
shown at a distance of 0.002 mm from the tip of the tool,
shown by the lateral plane.
The radial allocation of the cylindrical recess is also
supported by the turbulent corresponding rotational speed
of the tool. Figure 4 illustrates the radial ﬂow velocity
contour between 1.08 and 2.16 m/s at the tip of the tool on
the lateral plane. The colour legend shows the difference of
radial velocity from the centre of the tool to the periphery
zone; the velocity is radially outward, i.e. more for PCD

8 mm and less for 6 mm PCD holes. It shows that increased
ﬂuid velocity, causing higher turbulence in the dielectric
medium, enhances the removal of eroded material in the
respective region. This increased the removal rate and also
reduced the volume of liquid content re-cast to the work
sample. In addition, MRR is signiﬁcantly decreased when
the gas supply reaches a critical value. This is likely since
this surplus gas supply disturbs the plasma channel [17, 23].
The PCD order is chosen in such a way that below the tool
centre there is less possibility of deposition and also a
steady ﬂow for successful EDM performance. With the
effect of the holes on various PCDs, a reasonable inlet
velocity will not only increase material removal substantially but also result in comparatively low wear of the tool
[8].
Figure 5 shows pressure intensity in pascal at the interface of the dielectric medium due to rotation and ﬂuid ﬂow
through the tool. The variation in pressure from 117 to
2330 Pa from the centre to boundary is due to the boundary
phenomenon. The inlet velocity is provided as the initial
boundary condition, which is 4 m/s, and also there is a
rotation of the tool. Due to rotation there will be a centrifugal force on the ﬂuid towards outside and to counter
this, there will be a pressure gradient. In addition, ﬂuid
ﬂows through the tool, and ﬂuid ﬂows due to this pressure
gradient, which has a maximum velocity at the centre and a
minimum at the boundary, resulting in a minimum pressure
and a maximum pressure, respectively, at the centre and
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Figure 7. Impact of (a) peak current, (b) pulse duration and (c) duty cycle on MRR.

boundary. This is the highest in the inner peripheral zone
and the least in the outer peripheral zone. At 400 rpm
rotation of the tool and ﬂuid inlet velocity of 4 m/s, this
proﬁle of pressure obtained merely increases turbulence at
the interface; in turn the machined particles become movable to make MRR effectively enhanced. Figure 6 shows
the axial velocity through the CP at PCD 6, 8 mm and the
inlet-to-outlet ﬂow velocity of the gas from 1.08 to 2.16 m/
s at the outlet of the tool. This ﬂushing speed is greater than
what a traditional die-sinking EDM system can produce by
moving the tool and perhaps even beyond what a linear
high-speed motor designed for EDM might provide, which
is normally less than 1 m/s. The outermost PCD-CP has a
higher order of velocity due to tool rotation (centrifugal
effect), while the radial and axial components increase the
turbulence of the dielectric inner face. The ﬂow rate of the
ﬂuid increases along the radial path from the centre to the
periphery. This is probably because the dielectric ﬂows
through multi-holes progressively into the machining
region and then converges to create a whole ﬂow region
[18].
The result of the CFD analysis is crucial to understanding
why the MRR with a gas-assisted multi-hole rotating
electrode is much bigger than the MRR with a conventional

stationary solid tool. The increased ﬂuid ﬂow rate in the
electrode gap increases both ﬂushing and cooling impacts.
As a result, the key explanation for the rise in MRR is the
higher ﬂow rate of the ﬂuid that extracts the molten
material at a faster rate. The gas-aided multi-hole rotating
electrode, therefore, offers a fairly effective and cheap
alternative to improving the efﬁciency of the EDM process.

3.3 Impact of process parameters on MRR
The impact of peak current, pulse duration and duty cycle
on MRR is provided here. Figure 7(a) portrays trends of
MRR for peak current during EDD with a gas-aided multihole rotating electrode and stationary solid electrode. It
should be observed that an increase in peak current enables
better MRR for both procedures. This can be argued as a
rise in discharge energy in the machining area resulting in a
higher proportion of workpiece melting and evaporation
[24]. It can be inferred that, compared with EDD with the
conventional stationary solid tool, MRR is more in EDD
with gas-aided multi-hole rotating electrode. This can be
due to the gas-aided rotating multi-hole electrode, which
increases the efﬁciencies of the ﬂushing gap of the
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Figure 8. Inﬂuence of (a) peak current, (b) pulse duration and (c) duty cycle on EWR.

evaporated material and thus eliminates the molten
materials more efﬁciently from the discharge gap.
Figure 7(b) shows the pulse-on time impact on MRR for
EDD with a gas-aided multi-hole rotating electrode and
conventional stationary solid tool. Figure 7(b) shows that
MRR with gas-aided multi-hole rotating electrode decreases with increasing pulse duration during machining. In
comparison, with a stationary solid electrode, the MRR was
improved by an improvement in pulse-on time. This is
probably because the plasma channel is extended at a
greater pulse-on time due to the tool rotation. Consequently, the amount of energy seems to be decreased. As a
consequence, less sample melting and evaporation happens
and decreased MRR is obtained for EDD with a gas-aided
multi-hole rotating electrode at longer pulse duration [25].
Figure 7(c) shows the duty cycle impact on MRR for
EDD with a gas-aided multi-hole rotating electrode and
stationary solid electrode. It can be established that there is
an increase in the duty cycle resulting in an improved
MRR. It can be linked to the certainty that the amplitude of
the spark energy results in an enhancement in the duty
cycle resulting in an even greater thermal decomposition of
the work material [26]. From the illustration, it can be
considered that MRR with a gas-aided multi-hole rotating

electrode is far more than in the case of EDD with a
stationary solid electrode. This is likely owing to the
introduction of compressed gas via the multi-hole rotary
tool resulting in quicker disposal of the spark-eroded
materials. This helps in improved debris cleaning of the gap
between the electrodes.

3.4 Inﬂuence of parameters on EWR
In addition to removing the appropriate volume of material
from the work sample, a suitable EDD tool also needs to be
strong enough to resist self-erosion.
Figure 8(a) reveals the impact of peak current on EWR
for EDM with a gas-aided multi-hole rotating electrode and
EDD with a stationary solid electrode. EWR increases in
both processes with an increase in the peak current. This is
likely because rise in the extent of discharge energy with an
enhancement in the current leads to thermal decomposition
of the electrodes [25, 26]. In addition, it can be seen from
the graph that the EWR gas-aided multi-hole rotating
electrode is less than the EDD with a stationary electrode.
This is probably because the electrode end temperature
drops considerably when pressurized argon gas ﬂows via a
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Figure 9. Inﬂuence of (a) peak current, (b) pulse duration and (c) duty cycle on SR.

rotating multi-hole electrode. This results in the formation
of a lower crater on the electrode surface, which results in a
decreased EWR.
Figure 8(b) presents a pulse-on time impact on EWR for
EDD with gas-aided multi-hole rotating electrode and EDM
with a stationary electrode. From Figure 8(b) it is noted that
the electrode wear reduces for both procedures with an
enhancement in pulse duration. This is because, as a result
of dielectric decomposition, carbon is deposited on the
electrode surface in long pulse duration. This layer of
deposit improved the wear resistance of the tool [17, 27].
Furthermore, it can be seen from the graph that EWR is less
in EDD with a gas-aided multi-hole rotating electrode than
the EDD with a conventional stationary electrode. It is most
likely that when pressurized argon gas ﬂows via the electrode it cools the electrode surface, leading to less melting
of the electrode, and therefore EWR is reduced.
From Figure 8(c) it is ascertained that EWR increases for
both procedures with a rise in the duty cycle. The intensity
of energy increases with a rise in the duty cycle, resulting in
enhanced EWR [28]. Furthermore, in the event of EDD
with a gas-aided multi-hole rotating electrode, EWR could
be seen to be reduced when compared with the EDD with a
solid electrode. This is probably because the employment
of the multi-hole rotating electrode with compressed argon

increases the effectiveness of ﬂushing that efﬁciently takes
away the eroded objects and heat [27].

3.5 Inﬂuence of parameters on SR
The consistency of the operating surfaces of the product is
an important aspect of its durability. In the case of EDD the
nature of the surface produced becomes more critical,
whereby the proportions of the features must be correct.
The impact of the process factors on SR is discussed here
for EDD with a gas-aided multi-hole rotating electrode and
stationary solid electrode.
For both procedures, Figure 9(a) demonstrates the
changes in SR with peak current. It is observed that SR
rises with peak current because the intensity of sparks
increases, which results in adequate heat energy. This
generates big craters on a machined surface with sufﬁcient
depth, leading to a rise in SR. Owing to the inferior heat
diffusivity of tungsten alloys, the melting of materials is
inadequate and non-uniform in the case of EDD with a
conventional stationary solid tool [4]. The stationary electrode does not offer good efﬁcient dielectric ﬂushing; as a
consequence the expulsion of molten material is very low
and some portion of debris is deposited on the surface
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Figure 10. MRR comparison of the two distinct processes.

machined specimen, contributing to an additional rise in SR
[14]. In addition, in the event of EDD with a gas-aided
multi-hole rotary tool, SR could be seen to be reduced when
compared with the EDD with a stationary solid tool. This is
likely because the application of the multi-hole rotary
electrode increases the efﬁciency of the ﬂushing, which
effectively removes erosion and heat.
Figure 9(b) demonstrates the variation of SR for both
procedures with pulse duration on-time. Figure 9(b) shows
that SR with gas-aided multi-hole rotary tool decreases with
increased pulse duration during machining. This is probably
due to the increase of the plasma channel with an increase
in pulse-on time resulting in a wider area of contact with
discharge, thereby decreasing the energy density [22].
Moreover, with a conventional stationary solid tool, SR is
enhanced with rise in the pulse-on time. This is because the
rise in pulse time helps the working sample to convect for
sufﬁcient time due to thermal energy and melts materials in
signiﬁcant quantities but cannot be effectively removed
from the gap between the electrodes, resulting in an
increase in surface roughness [11]. It has also been noted
that the acquired SR values are found to be higher with
conventional stationary solid tool EDD machining than the
gas-aided rotating electrode.
Figure 9(c) shows the effect of the duty cycle on SR in
both procedures. It has been shown that SR has increased in

direct accordance with the duty cycle. This was because the
processing of material at a low duty cycle was envisaged at
a very low level. It provided adequate time for the removal
of debris from the machining region [28]. As a result, fewer
recast layers were formed at a low duty cycle and the
surface roughness decreased as a result. However the
increase in the duty cycle results in a sufﬁcient transfer of
the heat produced to the work sample, leading to an
increase in the melting of materials. Moreover, due to
insufﬁcient ﬂushing of the eroded materials from the
electrodes gap, the remaining materials on the sample
surface have been re-solidiﬁed and the SR value has been
increased [18]. In addition, it can be seen from Figure 9(c) that the SR is found to be more in the traditional
stationary solid tool EDD machining than in the gas-assisted rotating electrode.
Figure 10 indicates the difference between the MRR for
EDD with a gas-aided multi-hole rotating electrode and the
EDD with a stationary solid electrode. MRR measured is
higher with the gas-aided multi-hole rotating electrode in
comparison with EDD with a stationary solid electrode
under the same combination of process factors. In the event
of a gas-aided multi-hole rotating electrode, the use of
compressed argon gas induces an improvement in metal
vaporization owing to an increase in temperature. This
leads to higher removal of the molten material and less
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Figure 11. Comparative EWR assessment of two different procedures.

deposition of the eroded particles on the surface of the work
sample, resulting in an improvement in MRR [18, 20]. The
use of pressurized argon gas with a multi-hole rotating
electrode led to an increase in MRR. On the basis of results
obtained, the use of pressurized argon gas in the gas-aided
multi-hole rotating electrode has led to an improvement of
over and above 85% in MRR under the identical machining
constraints.
Figure 11 compares the EWR for EDD with the gasaided multi-hole rotating electrode and the EDD with the
conventional stationary electrode. Compared with a conventional stationary electrode, the EWR is found to be
comparatively smaller in the gas-aided multi-hole rotating
electrode under the same machining circumstances. This
was likely since the temperature of the tool end was lowered by pressurized argon gas, which attenuated the electrode’s melting and vaporization, thus reducing its wear
[23]. The use of compressed argon gas with rotating multihole electrode results in a decrease in EWR. Based on the
results obtained for the gas-aided multi-hole rotating electrode the use of compressed gas resulted in a decrease of
even more than 32% in EWR for the identical parametric
combination relative to the other mentioned procedure.
Figure 12 shows a comparison of EDD surface roughness when the gas-aided multi-hole rotary tool is used in
comparison with conventional stationary electrodes. It can
be found that the surface roughness is greater on using a

stationary electrode than a gas-aided multi-hole rotating
tool. The increase in surface roughness for EDD processes
using a gas-aided multi-hole rotating system ranged from
10% to 17%. However, the percentage increase in surface
roughness in the EDD method was found to be more than
21% lower using a gas-aided multi-hole rotating electrode
in comparison with a conventional stationary electrode.

4. Samples surface morphology with gas-aided
multi-hole rotating electrode and stationary solid
electrode
SEM pictures depicted the surface crack formation on the
surface of the machined specimen (as shown in Figures 13
and 14). It is noted from the image that cracks development
on the machined specimen is less in EDD with a gas-aided
multi-hole rotating electrode in comparison with stationary
electrode machined workpiece. This is likely related to
compressed gas cooling, which decreases the dielectric
temperature in the region of the point of the tool. As a
result, the crater temperature falls considerably. This triggers a reduction in residual stress [17] under the machined
surface and promotes a small number of cracks on the
surface of the specimen. Study of SEM images also suggested that recast layers per unit area were noticed to be
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Figure 12. Comparative SR evaluation of two different procedures.

Figure 13. Work sample machined with (a) stationary solid electrode and (b) gas-aided multi-hole rotary tool: surface characteristic at
pulse on time 300 ls, pulse current 7 A, duty cycle 0.64, tool speed 500 rpm and discharge gas pressure 12 mmHg.

considerably less on the surface of specimen machined with
a gas-assisted multi-hole rotating electrode in comparison
with a specimen with a conventional stationary electrode.
This was probably because, when the pressured argon gas

ﬂow was carried via the gas-assisted multi-hole electrode,
more turbulence and cavitation were created, resulting in a
quicker expulsion of the molten metal. This improved the
removal rate and did not allow the machined debris to settle
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Figure 14. Work sample machined with (a) stationary solid electrode and (b) gas-aided multi-hole rotary tool: surface characteristic at
pulse current 11 A, pulse on time 200 ls, duty cycle 0.64, tool speed 500 rpm and discharge gas pressure 12 mmHg.

as a recast layer [18, 20]. The critical assessment of surface
morphology demonstrates that, under the same machining
circumstances, surface integrity of specimen machined with
a gas-aided multi-hole rotating electrode has been discovered to be better than samples machined with the conventional stationary electrode.

5. Conclusions
Although there has been a signiﬁcant improvement in both
traditional and non-traditional machining methods there are
still difﬁculties with reliable, inexpensive and efﬁcient
machining methods for the machining of superalloy materials, which have adversely affected the development of the
automotive and aviation industries. In this research, EDD
with a gas-aided multi-hole rotary electrode was effectively
created to process the titanium alloy (Ti–6Al–4V4V)
specimens using both kerosene and compressed argon gas.
With appropriate research the EDD may also be an option
for the consistent and accurate processing of holes and
slots, which will further establish a new ﬁeld for the
manufacturing sectors.
• The ﬁndings of the CFD study show that the ﬂow rate
of the ﬂuid with a gas-aided multi-hole rotary tool rises
along the radial direction from the centre to the
periphery. The higher ﬂuid velocity induces higher
turbulence in the dielectric medium. It increases the
removal of the eroded material from the machine zone
• The impact of various process parameters on the
functioning of the EDD was analysed during the
machining of the titanium work sample. Improvements
in MRR, low EWR and SR were noted when the gasaided multi-hole rotating electrode was used in the
same handling conditions as those of the traditional
stationary solid tool.

• Based on acquired outcome, the application of the
gas-aided multi-hole rotating electrode led to an
improvement of over 85% in MRR and a reduction
of 32% in EWR and 21% in SR in comparison with the
traditional stationary solid electrode.
• Evaluation of the machined surface showed that, relative
to the conventional stationary solid electrode, the
creation of recast layers and surface cracks reduced by
gas-aided multi-hole rotating electrode machining. The
surface morphology assessment shows that, under the
same handling circumstances, the surface integrity of
specimen machined with a gas-aided multi-hole rotating
electrode has been better realized than those of samples
machined with a traditional stationary solid electrode.
• The application of the gas-aided multi-hole rotating
electrode in EDD machining has shown a signiﬁcant
improvement in the MRR, EWR and SR response
parameters along with the creation of holes. This has
certainly provided an advantage over current EDD
machining by leveraging its untapped potential for
researchers and manufacturers to be used in industrial
applications.
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