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Abstract

Wire-Electro Discharge Machining (WEDM) is a promising non-traditional machining process for
aluminium alloys, which are otherwise difficult to machine using conventional methods due to plastic
deformation and the formation of heat-affected zones. In the present study, the machinability of Al
6113 alloy was investigated under varying WEDM parameters using a Taguchi L9 orthogonal design.
The influence of pulse-on time, pulse-off time, and peak current on material removal rate (MRR),
kerf width, and surface morphology was systematically evaluated. The results indicate that pulse-on
time is the most significant factor influencing both MRR and kerf width, while pulse-off time also
plays a critical role in determining machining efficiency. Surface morphology analysis revealed that
higher discharge energy conditions led to the formation of microcraters, micropores, and recast
layers, whereas optimized parameters improved surface integrity. In addition, a Pareto front-based
multi-objective optimization was employed to balance MRR and kerf width, identifying non-
dominated solutions and a knee point for improved trade-offs between productivity and machining
accuracy. The findings highlight the effectiveness of WEDM in machining Al 6113 alloy and establish
its potential for precision applications in aerospace and automotive industries.
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Introduction

Over the years, industries such as aerospace,
automobile and marine, aluminium and its alloys are
extensively used due to its high specific weight and
good corrosion properties (Pramanik et al., 2019;
Srinivasan et al., 2024). Machining of Al alloy by
conventional machining process results in adverse
plastic deformation in the workpiece and further
leads to the formation of significant heat affected
zone (Riveiro et al., 2017; Sun et al., 2024). This
highlights the importance of non-contact machining
process to machine lightweight materials like Al and
Mg alloys. Therefore, machining of light weight
alloys by non-traditional machining process and
further their optimisation of process conditions can
be an advantage for these industries which reduces
the overall cost, machining time and improves
machining integrity. In WEDM, machining is
performed using a wire electrode with no contact
with the workpiece material. (Gao et al., 2025;
Eaysin et al., 2025). In the last few decades or so
Wire EDM is extensively employed for the
machining of materials for commercial and
industrial applications (Praveen et al., 2024). From
the literatures, it is found that the non-contact
machining can develop good surface finish and
further the controllable spark can result in excellent
machining integrity (Prakash ef al., 2013; Van Riel
et al., 2024). In WEDM process, the tool (wire) is
continuously fed into the workpiece material and the
potential difference between the electrodes results in
sparking between them and material removal occurs
by erosion. In WEDM, the spark between electrodes
can be controlled by adjusting the different process
conditions used in WEDM process (Paulson ef al.,
2023).

Over the years various researchers studied the
significance of different machining conditions of
Wire EDM on the MRR, kerf width on machining
performance, along with surface morphology and
topographical features. Mohapatra et al. (2014)
examined the influence of WEDM conditions like
pulse duration, pulse off time and wire feed rate
while gear cutting from copper using WEDM
process. From their study, it was found that Ton and
Toff are the most significant parameters and
optimum parameters were determined for maximum
MRR and minimized pitch error. Anand et al.
(2025) studied the impact of WEDM parameters on
the characteristics of the surface of Al-Mg alloy and
its composite. From their study it is revealed that the
process parameters like pulse on time and applied
current significantly enhances the roughness of the
surface machined. Further, the kerf width and
material removal also increased with increase in the

above process parameters. But they reported that the
enhancement in pulse off time reduces the removal
of material, width of cut and surface quality. From
this study it is revealed the quality of machined
surface is highly depended on the process conditions
employed while machining. Liao et al. (2004)
reported that to achieve good surface finish the
discharge energy is to be controlled. It is also found
that positive polarity (workpiece as cathode) can
result in enhanced surface finish. Rao et al. (2014)
optimised WEDM process parameters for surface
roughness, MRR and white layer for the machining
of Al alloy (Aluminium2014 T6). They reported that
sacrificing cutting efficiency is important to obtain
quality surface finish and process parameters can
significantly impact machining. Zhao et al. (2024)
investigated the thermal effects and microstructural
variations occurred in machining of thin-walled
rare-earth gadolinium (Gd) components while
cutting by wire-EDM and reported that the thermal
impact can be reduced by controlling the process
parameters. Chen et al. (2025) adopted a method
called Ultrasonic elliptical vibration machining
which improved the machinability of Al-Si alloys
by reduced the cutting forces required also allowed
periodic chip formation. It was found that by
controlling the above process conditions the
roughness of the machined surface is significantly
reduced. This work highlights the importance of
controlling process conditions while machining
various types of alloys. Sunil et al. (2024) adopted
advanced cooling techniques while machining of
Inconel 625 by wire EDM and successfully reduced
the surface roughness and controlled MRR and their
study shows great promise for adopting
optimization studies for Al alloy machining by wire
EDM. Abdullah et al. (2024) used Grey Relational
Analysis in order to find the apt process parameters
and to study their effect on MRR and surface
roughness on stainless-steel and they highlighted the
importance of optimization to find the appropriate
process conditions in machining. Unlike most
existing studies, which focus on WEDM of steels
and hard alloys, this work uniquely investigates the
machinability of lightweight Al 6113 alloy using
WEDM. The study establishes process—
performance relationships specific to Al 6113,
supported by  regression modelling and
microstructural validation, which has not been
extensively reported in the literature. A comparative
examination of mechanical and physical properties
of Al 6113 alloy with commonly used aluminum
alloys, Al 6061 and Al 6082, is depicted in Table 1
(Vinayaka et al., 2021; Hong et al., 2023; Elhadi
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et al., 2024) The table highlights differences in
tensile strength, yield strength, elongation,
hardness, corrosion resistance, and machinability,
which may affect the response of materials during
WEDM operations. In terms of machinability, Al
6113 is considered moderate due to its alloying
ingredients, whereas Al 6061 and Al 6082
demonstrate better machining characteristics. These
distinctions suggest that Al 6113 may display
different machining responses under spark-thermal
erosion in WEDM, thereby emphasizes that A1 6113
despite being less studied, is a promising candidate
for machining investigations.

Table 1. Properties of Al 6113, Al 6061, and Al 6082
Alloys

Property Al 6113 Al 6061 Al 6082
Tensile Strength 310 MPa 310 MPa 300 MPa
Yield Strength 276 MPa 276 MPa 260 MPa
Elongation 12-25% 12-25% 9%
Hardness (Brinell) 95 HB 95 HB 91 HB
Corrosion Good Good Excellent
Resistance
Machinability Moderate Good Excellent

Materials and Methods

For the present work, commercially available
aluminium plate (6113 alloy) is cut into 75 x 50 x 5
mm size and the surface is polished using different
grades of emery paper to remove the surface
impurities present and further cleaned with ethanol.

Machining process is performed using Excetek
V400 CNC wire EDM machine. The dielectric
medium used during wire cut is deionized water and
electrode used is brass wire with 0.25mm diameter.
In the present investigation, WEDM experiments
were primarily controlled using pulse-on time
(Ton), pulse-off time (Toff), and average current
(Aon). However, other process parameters like wire
feed rate, wire tension, open circuit voltage and
dielectric flushing pressure kept constant during the
experimentation. The controlled conditions ensured
a reliable study on the effect of process parameters
like Ton, Toff and Aon on the machining
performance of Al 6113. The design for the present
experiment is designated based on Taguchi method
for the variation of Ton and Aon, the WEDM
parameters with their levels used for initial stage is
illustrated in Table 2, where Toff was kept constant
at 12 ps, and the constant process conditions are
summarized in Table 3. In the second stage to
investigate the effect of pulse off time on machining
performance, Toff was varied as shown in Table 4,
while Ton and Aon were kept constant at 11 ps and

6 A, respectively, in addition to the constant process
parameters listed in Table 3. These values were
selected based on their stable performance range
recognized in the first stage of experiments using the
Taguchi approach. The schematic illustration of the
WEDM process is shown in Figure 1.

Table 2. Variable wire EDM parameters and its levels

WEDM Parameters Level 1 Level 2 Level 3
Pulse on time, Ton 10 11 12
[ms]

Peak current, Aon [A] 5 6 7
Table 3. Fixed WEDM maching parameters

Wire feed rate [m/min] 10

Wire tension [N] 1.5

Open-circuit voltage [V] 50

Dielectric flushing pressure [MPa] 0.3

Table 4. Experimental conditions of pulse-off time

Toff [us]
10
11 11 6
12

Ton [ps] Aon [A]

Figure 1.

Wire EDM process schematic

Based on the Taguchi design nine experiments
were performed initially and the influence of Ton
and Aon on MRR, kerfwidth and microstructure is
analysed. Additionally, the optimization of the
WEDM process conditions is carried out using
Taguchi L9 design by Minitab software. Further, the
effect of pulse of time (Toff) is also studied by
keeping Ton as 11 ps and Aon as 6 A. After the
development of slots on Al alloy, the kerf width of
the produced slot is measured using Tool makers
microscope, and the amount of material removed is
calculated using equation 1.

Material Removal Rate (MRR) = f x Dw xt (1)

where; f  feed rate;
Dw wire diameter;
t thickness of the AI 6113 alloy
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Results and Discussions

Evaluation of Kerfwidth and Material removal
rate

The variation of kerfwidth and MRR under
different process conditions are depicted in Table 5.
In the initial phase of the experiment, to examine the
effect of pulse off time on Kerfwidth and MRR,
other process parameters are kept constant during
the WEDM cutting. The variation of Kerfwidth and
MRR with increase in Toff is illustrated in Table 6.
The constant parameters used are 6 A current and 11
us pulse on time.

Further, to analyse the variation of WEDM
parameters on MRR and Kerfwidth graphs were
plotted. Figure 2 illustrates the impact of pulse on
time and peak current on material removal. From
Figure 2, it can observe that Ton has a significant
impact on removal of material, however, there is no
major change with the increase in Aon.

254

Material Removal Rate[mm?3/min]

5- ) 6

Current, Aon[A]
Figure 2. Variation of MRR with change in Ton and
Aon

It is expected that with increase in Ton, the
time to which the spark is in contact with Al 6113
alloy enhances and which further enhances the
removal of material. In addition to that with increase
in Ton the amount of energy available for cutting
increases which again enhances the rate of removal
of material (Balaji & Narendranath, 2023). For the
present study, the influence of pulse-on-time (Ton)
on material removal rate can be interrelated with the
specific properties of Al6113 alloys as well. The
increase in Ton enhances the duration of pulse and
thereby increases the energy of the spark and which
facilitates the higher material removal. The response
of A1 6113 to this increased energy input is governed
by its intrinsic characteristics, such as moderate
thermal conductivity (lower than Al 6061 but higher
than Al 7075) and relatively high mechanical
strength. The moderate thermal conductivity of Al
6113 alloys mandates more sustained energy input
for effective erosion of materials. Together, these
factors elucidate that the enhancement in material
removal rate with Ton observed in the present
investigation, highlighting how the specific
characteristics of an alloy impact the performance of
WEDM.

From the data available in the current set of
experiments it is revealed that Ton has more
influence in material removal rate as compared to
current (Aon). The variation of kerfwidth with
increase in Ton and Aon is illustrated in Figure 3.
The width of the slot (cut dimension) obtained
during WEDM process is termed as kerf width.
From the graph it is examined that kerf width
increases with enhancement in peak current as
current increases the intensity of spark increases,
which result in the enhanced removal of material
and which further increases the kerf width. It is also
found that the kerf width changes positively with the

Table 5. MRR and Kerf width with variation of Aon and Ton
Exp.no Aon [A] Ton [ps] MRR [mm?*/min] Kerf width [mm]
1 5 10 18.5625 0.31
2 5 11 20.65 0.33
3 5 12 20.875 0.41
4 6 10 20 0.33
5 6 11 20.375 0.35
6 6 12 20.75 0.39
7 7 10 19.375 0.37
8 7 11 20.375 0.38
9 7 12 20.625 0.42
Table 6. Variation of MRR and Kerf width for different Toff conditions
Exp. no Toff [ps] Kerf width [mm] MRR [mm*/min]
1 10 0.36 21.2875
2 11 0.37 21
3 12 0.38 19.375
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enhance in Ton value from 10 to 12 pus owing to the
increase in energy of spark as it is in contact with
workpiece for a longer duration. Additionally, with
increase in the size of the crater develops for each
pulse increases and thereby the kerf width also
increases.

0.5

0.4 4

o
w
L

Kerf Width[mm]
2
N

o
L

Current,Aon[A]

Figure 3. Variation in Kerfwidth with change in Ton
and Aon

The variation kerf width and MRR with
increase in Toff is depicted in Figure 4 and 5
respectively. From Figure 4, it is found that the
material removal rate decreases with increase in
pulse off time. The decrease in MRR with increase
in pulse off time is due to the diminished size of
crater due to lower energy input and reduced spark
time during the cycle.

Aon =6
25+ Ton =11
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Pulse off time, Toff[us]
Figure 4. Impact of pulse off time on MRR

From Figure 5 it is observed that the increase
in Toff results in a slight increase in kerf width. The
increase is due to the better dielectric recovery
owing to the longer pulse off time, leading to the
more effect discharge of sparks in the succeeding
pulses. The subsequent pulses produce larger
localized molten pools, which laterally spreads
before re-solidification and by this means widening
the kerf. Furthermore, SEM microstructural

observations of the machined surface have been
included in the later part to validate the explanation.

Aon =6
Ton =11

0.40 4

0.35 4
0.30 4
0.25 4

0.20 4

0.15 4

Kerf Width[mm]

0.10 4

0.05

0.00 T T T

Pulse off time, Toff[us]

Figure 5. Impact of pulse off time on kerf width

Optimization of Process Parameters

The optimization of process parameters on
MRR and kerf width is carried out using Minitab
software by plotting graphs of means, Signal to
noise (S/N) ratio and using the response table. The
main effects plot for signal-to-noise (S/N) ratios
considering Ton and Aon is depicted in Figure 6. In
this analysis of MRR “Larger is Better” is
considered and the response table reveals the rank
of process paramters. Larger is better is considered
due to more material removal is to be take place at
optimum parameters, which is beneficial for the
machining process. From the figure, it is found that
Ton is a significant process parameter where with
increase in Ton from 10 to 12 ps there is a
substantial increase for S/N ratio. At lower Ton of
10 us because of the lower energy input the MRR is
significantly low. However, the effect of Aon on
MRR is less significant. The S/N ratio increases
from 5 to 6A and then reduces marginally when
current further increased to 7A. This further shows
that 6A current is the most favourable condition for
achieving high MRR for this set of current values.

Main Effects Plot for SN ratios
Data Means

264
263 /
262
26.1

26.0

Mean of SN ratios
N\
.

259
258

257 .
s 5 7 10 P 12

Signal-to-noise: Larger is better

Figure 6. S/N ratio of MRR
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From the response table depicted in Table 7 it
is found that Ton has the highest delta value and is
ranked one, which again shows Ton is the most
significant parameter in the present investigation in
comparison with peak current.

Table 7. Response for signal to noise ratio of MRR

Level Ip Ton
1 26.02 25.71
2 26.18 26.22
3 26.07 26.34

Delta 0.16 0.63

Rank 2 1

The Figure 7. illustrates the main effects plot
for means of MRR, which shows how MRR varies
with changes in pulse-on time and peak current,
from the figure and response of means in Table 8 it
is clear that the Ton is has a strong influence in
material removal rate. This figure provides
understanding into the average performance of peak
current and Ton on MRR neglecting noise. Similar
trend to S/N ratio can also observed in the main
effect plot for mean values while S/N ratio graph is
apt to identify the optimal WEDM parameters with
noise while the means plot provide insight into
overall efficiency.

Main Effects Plot for Means
Data Means
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202 s

200

Mean of Means
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Figure 7. Mean of Material Removal Rate

Table 8. Response for means of MRR

Level Ip Ton
1 20.03 19.31
2 20.38 20.47
3 20.13 20.75

Delta 0.35 1.44

Rank 2 1

In case of Kerfwidth “Smaller is Better” is
considered, because kerfwidth shows the accuracy
of machining, a smaller kerf width represents
improved control over the machining. Smaller is
better criteria implies to minimize the output
response like tool wear, surface roughness etc. From
the graph illustrated in Figure 8 it is found that S/N
ration reduces significantly with increase in Ton and

which suggests lower Ton is favourable for
minimizing the kerf width. Aon also provides a
decreasing effect when current is increased from 5
to 7A. This result suggests that lower current and
pulse on time contribute to better kerf width when
the objective is to minimize kerf width. From the
response data illustrated in Table 9 it is found that
the Ton is significant parameter for controlling the
kerf width.

Main Effects Plot for SN ratios
Data Means

Mean of SN ratios
-

Signal-to-noise: Smaler is better

Figure 8. S/N ratio for Kerfwidth

Table 9. Response for signal to noise ratio of kerf

width
Level Ip Ton
1 9.182 9.479
2 8.976 9.051
3 8.192 7.819
Delta 0.991 1.660
Rank 2 1

The impact of WEDM process conditions on
the kerf width was investigated using main effects
plot for kerf width and response table for means of
kerf width. From Figure 9 and Table 10 it is found
that both Aon and Ton have significant influence on
the kerf width while machining Al 6113 alloy by
WEDM. The kerf width increases from 0.3500 to
0.3900 mm when Aon increased from 5 to 7A and
this is because of the higher discharge energy more
amount of material is removed laterally and this
further widens the kerf developed. However, more
significant influence can be observed on kerf width
i.e. from 0.3367 to 0.4067 mm with increase in Ton
to 12 ps. At high Ton owing to the longer duration
of pulse more discharge energy is developed and
this further deepens and widens the crater and which
enhanced the width of kerf (Ali et al., 2025). The
response table further supports the mean effect plot
quantitatively and delta value of 0.0700 for pulse on
time as compared to 0.0400 for peak current depicts
that pulse on time has significant impact on kerf
width as compared to peak current and it is ranked
as one. Overall, these finds suggests that lower
discharge energy and smaller pulse durations are
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suitable for controlled removal of material from Al
6113 alloys.

Main Effects Plot for Means
Data Means

039
038

037

Mean of Means

036

035

5 6 7 10 1 2

Figure 9. Mean of Kerfwidth

Table 10. Response for means of Kerf width

Level Ip Ton
1 0.3500 0.3367
2 0.3567 0.3533
3 0.3900 0.4067
Delta 0.0400 0.0700
Rank 2 1
Surface Morphology

SEM image of machined surface is analyzed
on different magnifications. The SEM image
produced at 7A (a) 10 ps (b) 12 us for different 250
X and 500 X magnifications were illustrated in
Figure 10. There is no significant variation is found
from the SEM image of surface (a). In surface (b)
there found micro pores on the magnified image,
High discharge energy due to high Ton is the reason
for craters or pores formed on the machined surface.

L !
X250 100pm 0095 14 37 SEI

Figure 10.

The morphology of the machined surface was
examined using SEM images and the images at 250
and 500 X magnifications at peak current of 7 A with
10 ps and 12 us pulse on time is illustrated in Figure
10. From the images it is revealed that there is
significant changes in the surface morphology with
the increase in pulse on time. When pulse on time is
10 ps the machined surface is more uniform and is
almost defect free. At lower pulse on time owing to
the short duration of pulse the molten material
resolidified more uniformly and which results in
fewer micro-voids and micro-pores. However, when
Ton is increased 12 ps. However, when Ton is
increased to 12 ps the surface shows more significant
thermal defects with the presence of micropores as
marked Figure 10. Further, this shows that material is
removed as bulk for longer duration of pulse and
which results in pronounced melting and poor
removal of microchips. Additionally, the entrapped
gas in the molten tool owing to long duration may
result in the formation of micropores. These results
further supporting the observations made on the
influence of pulse on time on kerf width and MRR
where longer duration of pulse resulted in enhanced
material removal and surface disturbance. The
presence of microcraters and micropores observed at
higher discharge energy in the present work is
consistent with the findings of Mandal ef al. (2020),
who also reported that at higher peak current and
pulse on time enhances localized melting and rapid
solidification on Al alloys during WEDM. The
presence of micro pores at the machined surface,
shows shorter pulse durations are preferable for
applications where surface finish is important but at
the expense of lower material removal.

20kV X500

£

= "‘5

Micro pores g

A S

{
Tiee

20kV X500 50pm 0095 1237 SEI

SEM image of machined surface produced at (a &b) 7 A, 10 ps for 250 X and 500 X

magnifications, (c &d) 7 A, 12 ps for 250 X and 500 X magnifications
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Figure 11 depicts the SEM images of the
WEDM machined samples produced under 12 ps by
varying current values: 5 A and 7 A. The surface
was investigated at 250 and 500 X magnifications to
study the morphological characteristics with the
increase in current. The surface morphological
characteristics like micro pores, recast layers, cracks
etc. significantly impact the quality of surface
produced. From the morphology of the machined
surface produced at 5 A (top row) it is observed that
several craters were formed due spark erosion
machining. But the craters are not deep owing
relatively low discharge energy and low thermal
damage at 5 A current. There were some white
layers present though which shows the debris are not
flushed properly and some amount of material is
resolidified and formed as a new layer on the surface
machined. The morphology of Al alloy surface
machined at 7A current is represented in the bottom
row and from the figure it is clear that the number
of irregularities is higher. Again, there are more
pronounced craters on the surface at 7A suggest
extreme melting and enhanced material removal at

20kV X250

e T B 7 SR\

20kV X250 100pm 0095 15 37 SEI

higher current values. Further, prominent recast
layers were present at 7 A current indicating the re-
deposition of microchips produced during
machining. The above-mentioned features are
further resulted in the development of micro pores
on the Al alloy surface machined. Overall, the
present study reveals that optimization of process
conditions is extremely important to enhance
productivity and surface integrity.

Figure 12 depicts the SEM images of the
machined surface produced under higher Toff of 12
ps under constant pulse on time of 11 ps and peak
current of 5 A. SEM images displays the presence
of a white/recast layer along with localized
micropores. The mentioned features are the
characteristics of wire-EDM, where rapid heating
and cooling results in micropores, cracks and
deposition of resolidified material. The presence of
recast layer and micropores further supports the
discussion included for Figure 5, the longer Toff
enhances the stability of spark and results in larger
molten pool spreading and thereby widening the
kerf.

LY

20kV X500 50pm 0095 14 37 SEI

B)S el o
“ "+ Deepcrater

oA
solidified material
. A
Pores

X500 50pm 0095 1537 SEI

ayer e

0095 1537 SEI

Figure 11. SEM image of machined surface produced at (a &b) 12 ps, 5 A for 250 X and 500 X
magnification, (¢ &d) 12 ps, 7 A for 250 X and 500 X magnification
VI A spicastl
P . <
X250 100pm 0095 1537 SEI ,;OkV X500 50pm
Figure 12. SEM image of machined surface produced at pulse off time of 12 ps, with pulse on time of 11 ps

and peak current of 5 A
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Regression Equation

Based on the present study a mathematical
model (regression equation) is developed to predict
the relationship between the output responses and
input process paramters. The regression equation for
MRR and kerf width is shown in Eqn.2 and Eqn.3
indicates Ton and Aon positively contribute to MRR
and kerf width. In general, the relationship between
paramters and ouput responses along with surface
morphology provide a clear evidence on how
process parameters influence the quality of surface
machined. The regression model was statistically
evaluated; the coefficient of determination (R?) was
computed to evaluate the reliability of model. The
results exhibited higher R? values for MRR and
kerfwidth for the present set of experiments, suggest
good predictive accuracy of the regression
equations.

MRR(mm?/min) = —11.983 + 0.04792 - A, + 0.71875 -
Ton (R? = 0.94) 2)

Kerf width = —0.1394 + 0.02 - A,, + 0.035- T,
(R* = 0.91) 3)

Model Validation and Error Analysis

The material removal rate (MRR) and kerf
width of the Al-alloy workpiece were predicted
using the regression models (Eqn.2 and 3)
developed. For the machining conditions Ay=8 A
and Tor=13 ps, the experimentally observed values
were compared with the predicted values from the
models. The comparison of values along with
percentage of error is depicted in Table 11. The
percentage of error is calculated using Eqn.4

|Observed—Predicted|
Observed

Error (%) = x 100 4)
From the analysis it is found that the present
regression models predict the machining output
response with reasonable accuracy. The small

changes in observed values attributed to the

experimental reservations and variations during the
WEDM process. Overall, the regression models
provide a reliable tool for predicting MRR and kerf
width under similar process parameters in WEDM
machining.

Table 11. Comparison of observed and predicted

values
Parameter Observed  Predicted Error
Value Value (%)
MRR (mm?®/min) 22.2875 21.7101 2.59
Kerf (mm) 0.45 0.4756 5.69

Pareto-based Multi-objective Optimization of
Process Parameters

In WEDM machining process, it is very
difficult to maximize MRR (productivity) and
minimize kerf width (quality) at the same time since
the objectives are contradictory. Therefore, multi-
objective optimization employed to identify the
trade-offs between high MRR and low kerf width
usually represented as a Pareto front. In the present
experimentation, the Pareto front was generated
using the nine experimental conditions used,
considering the objectives as MRR to be maximized
and kerf width to be minimized. The non-dominated
solutions from the nine trails forming the Pareto set
are illustrated in Table 12.

Figure 13 depicts graphically the Pareto front
obtained from the nine experiments used for Al
alloy machining under various levels Ton and Aon.
From the set of non-dominated solutions,
Experiment 3 (Aon =5 A, Ton = 12 ps, MRR =
20.875 mm?3/min, Kerf=0.41 mm) was identified as
the knee point, the most balanced solution. The knee
point depicts as the principle of compromise in multi
objective optimization, representing the balance
between productivity and machined surface quality
as moving away from it would require a
disproportionate trade-off between MRR and kerf
width.

Table 12. Pareto-optimal solutions for MRR and Kerf width

Exp. No. Aon (A) Ton (us) MRR Kerf width Remarks
(mm?*/min) (mm)
1 5 10 18.5625 0.31 Pareto point
2 5 11 20.6500 0.33 Pareto point
3 5 12 20.8750 0.41 Knee point
6 6 12 20.7500 0.39 Pareto point
9 7 12 20.6250 0.42 Pareto point
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Conclusions

In this work, Al 6113 alloy was effectively
machined using the Wire Electro Discharge
Machining (WEDM) technique, and the influence of
process parameters on material removal rate
(MRR), kerf width, and surface morphology was

systematically  investigated. = The following
conclusions can be drawn:
1. Peak current and pulse-on time

contributed positively to both MRR and kerf width,
with pulse-on time identified as the most significant
factor. Increasing pulse-off time reduced material
removal but simultaneously increased kerf width.

2. Surface morphology analysis using SEM
confirmed that higher discharge energy, associated
with increased peak current and pulse-on time, led
to the formation of microcraters, micropores, and a
recast layer on the machined surface.

3. A regression model was developed to
establish a mathematical correlation between
process parameters and performance measures,
showing good agreement with experimental results
and validating its suitability for prediction and
optimization.

4.  Multi-objective optimization using the
Pareto front method highlighted the trade-off
between maximizing material removal rate and
minimizing kerf width. The identified non-
dominated solutions, and particularly the knee point,
provide balanced parameter settings for achieving
high MRR and low kerf width.

Overall, the study highlights the importance of
optimizing WEDM parameters to achieve improved
machining performance and surface integrity in Al
6113 alloy, thereby demonstrating its potential for
high-precision industrial applications.

Limitations and Future Scope

The present experiments have certain
limitations, as it was restricted to A16113 alloy and
the influence of most significant parameters like
pulse on time, pulse off time and peak current is
investigated. Future work can be directed towards
studying the effect of parameters like wire tension,
dielectric flushing pressure, and wire material by
extending the research to other Al alloys and
composites. Furthermore, the surface integrity
evaluation can be directed toward extending
detailed investigation of residual stresses,
microhardness, corrosion resistance or fatigue
behaviour.
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