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WEDM is efficient in machining complicated profiles with high dimensional accuracy. The Nickel-alu-
minum-bronze (NAB) is a high-strength alloy with exceptional corrosion-resistant properties and is
abundantly used in marine applications such as propellers, valves, and seawater pumps. The previous
literature reports numerous instances of WEDM-induced simple profiles on NAB alloy employing brass and
molybdenum wires; however, the WEDM of detailed profiles on NAB alloy using brass wire encapsulated
with zinc layer is scarce to find. Hence, in the present article, we proposed an experimental framework to
create complex profiles on NAB alloy using the zinc-enveloped brass wire in the WEDM process. The
control variables, namely the pulse on time, servo voltage, current, and pulse off time, were varied to report
their influence on the experimentally determined machining time (MT), kerf width (KW), and corner error
(CE). The statistical analysis revealed that pulse on time affects the KW and CE dominantly, whereas the
current has high relative significance when MT is concerned. FESEM images showed that WEDM pro-
cessing at high discharge energy settings generated many large-sized voids, large melted deposits, deep
craters, and microcracks on the surface. Conversely, WEDM processing at low discharge energy settings
caused small-sized voids, small melted deposits, and shallow craters. Microcracks are not visible on the
surface after WEDM processing at a low discharge energy level. Energy dispersive x-ray (EDX) analysis
discerned the substantial deposition of zinc on the machined surface from the zinc-coated brass wire
ensuing the machining operation.

Keywords corner error, energy dispersive x-ray, field emission
scanning electron microscopy, kerf width, machining
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1. Introduction

The rising trend in product fabrication using advanced
materials has posed severe challenges to the entire manufac-
turing industry (Ref 1). Nickel-aluminum-bronze (NAB) alloy
is an advanced material with high strength, high corrosion
resistance, and high biofouling resistance, which is widely used
in maritime applications such as ship propellers, pumps, and
valves (Ref 2). Since NAB alloy is a copper-based alloy, the
high ductility of copper leads to continuous chips, resulting in
irregular machined surfaces during conventional machining.
Al-Ethari and Hamza (Ref 3) scrutinized the impact of
machining conditions on tool wear while drilling NAB alloy.
Zhong et al. (Ref 4) proposed a strategy to determine the
Johnson–Cook model’s constitutive parameters in NAB alloy

machining. They analyzed the influence of process conditions
on the cutting force of this alloy. Zhou et al. (Ref 5) proposed
an analytical model to estimate the residual stress under the
mechanical and thermal loading during the end milling of NAB
alloy. Having acquainted with the difficulties faced during
conventional machining of NAB alloy, researchers are intrigued
to carry out the machining of Cu-based alloys employing
unconventional machining approaches. Of all the unconven-
tional machining approaches, WEDM is preferable because it
can generate complicated shapes with high dimensional
accuracy (Ref 6-8).

The material erosion in the WEDM process commences
when the electric spark is generated amid the running wire
electrode and the workpiece material. This electric spark
induces extensive thermal energy, i.e., a temperature of around
10,000 �C to melt and vaporize the work material. The melted
debris from the work material are then cleaned by the dielectric
fluid injected from the top and bottom nozzles, resulting in
craters on the machined surface. The simplified view of the
WEDM process is illustrated in Fig. 1. Since WEDM is
performed using spark discharges, the instantaneous gap state
condition, the discharge type, and the discharge frequency
influences the process performances and are dependent on the
considered process parametric settings. This inspired the
researchers to carry out process parametric optimization and
investigate process parameters� influence on process perfor-
mances. For instance, Majumder and Maity (Ref 9) optimized
the process features such as dielectric pressure, discharge
current, wire feed, pulse duration, and wire tension for
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microhardness and surface roughness in WEDM of nitinol
shape memory alloy. Tonday and Tigga (Ref 10) optimized the
WEDM machining parameters, namely the cutting voltage,
wire feed, pulse on time, flushing pressure, and pulse off time
to acquire the minimum surface roughness, and minimum time
for Inconel 718. Kumar et al. (Ref 11) exploited the analytical
hierarchy process and genetic algorithm to optimize the process
variables for the three response variables, such as the material
removal rate, spark gap, and surface roughness in WEDM of
aluminum hybrid composites. Sharma et al. (Ref 12) examined
the influence of varying wire electrode material on cutting rate
and surface integrity aspects in WEDM of Inconel 706
superalloy. It was reported that lower SR, smoother topography,
and thin recast layer was achieved with the hard brass wire.
Whereas higher cutting speed was achieved with zinc-coated
wire. Bisaria and Shandilya (Ref 13) scrutinize the role of spark
energy, peak current, and spark frequency on average cutting
rate, surface roughness, and surface integrity during the
WEDM of Nimonic C-263 superalloy. Han and his group
examined the relative domination of different process features�
on the surface quality of Cr12 alloy steel ensuing WEDM with
brass wire (Ref 14). Likewise, Sadeghi et al. (Ref 15) led an
experimental inquiry whereby the role of different machining
parameters on process efficiency is emphasized while process-
ing AISI D5/DIN 1.2601 steel through WEDM. In another
study, Sharma et al. (Ref 16) reported that the dimensional
accuracy and cutting rate are hugely responsive to pulse on time
in WEDM of a very strong low-alloy steel. Yu et al. (Ref 17)
characterized the influence of input features on cutting speed,
the machined groove�s width, and surface finish in WEDM of
silicon (polycrystalline form) with brass wire, whereas, Patil
and Brahmankar (Ref 18) scrutinize the domination of different
process features on the kerf width, cutting rate, and surface
undulation while WEDM of alumina particle-reinforced alu-
minum matrix composites (Al/Al2O3-p) deploying coated brass
wire as the tool electrode. Saha et al. (Ref 19) reported the
impact of five process features on the geometrical imprecision

of square profile cut in WEDM of A286 superalloy. Likewise,
another research group scrutinized the impact of machining
features on process efficiency while creating a square profile in
WEDM operation (Ref 20, 21). Gupta et al. (Ref 22)
investigated the influence of input features on the kerf size
while processing a very strong low-alloy steel through WEDM.
They concluded that the quality of kerf ameliorates with an
increasing trend in the servo voltage and pulse off time. At the
same time, the quality of kerf degrades with an increment in
pulse on time and peak current. Lakshmanan et al. (Ref 23)
portrayed the role of three electrical parameters and a
mechanical parameter on the rate of material erosion and the
dimension of kerf in WEDM of Nickel-aluminum-bronze alloy
exploiting molybdenum wire. The foregoing literature dis-
cusses the works on WEDM, which are based on simple
geometries. However, in complicated profiles such as sharp
corners and curved geometries, the problem of wire lag
associated with the WEDM process is a serious issue and
affects the geometrical accuracy. As a result, numerous research
attempts have been documented over the past few years, which
suggested various strategies to reduce the influence of wire lag
and improve corner accuracy (Ref 24–27). Modifying process
parameters is turned out to be an effective strategy for
manipulating the wire lag and the ensuing corner accuracy. In
this regard, the research community has examined the influence
of various process variables on corner accuracy. Such as, Yan
et al. (Ref 28) examined the effect of process variables, i.e.,
pulse off time, the pulse on time, peak current, and magnetic
field power on the corner accuracy of Q235 steel in WEDM.
Likewise, Mandal et al. (Ref 29) used WEDM of Al 7075 alloy
to examine corner accuracy. They reported that the duration of
pulse, the interval between pulses, and servo voltage influence
corner accuracy significantly. In another study, Bisaria et al.
(Ref 30) probed the role of spark duration, wire tension, spark
redundant time, servo voltage, and wire feed rate of wire on
corner error while WEDM of Ni50.89Ti49.11 shape memory alloy
with 60�, 90�, and 120� triangular profiles.

Fig. 1 Simplified representation of WEDM process
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The literature review presented in the preceding paragraphs
shows that the WEDM of complicated profiles on NAB alloy is
not explored. Besides, the WEDM of NAB alloy is carried out
using only brass and molybdenum wires. Therefore, the novelty
of the present work is to generate a complicated profile during
WEDM on NAB alloy wherein we have assessed the corner
error as the response parameter apart from the other two
conventional response parameters, i.e., machining time and kerf
width. We intend to statistically investigate the influence of four
process variables, i.e., pulse on time, pulse off time, current,
and servo voltage, on the three salient performance variables
such as the machining time (MT), kerf width (KW), and corner
error (CE). Parametric analyses have been conducted to reveal
the trend of variations of the response parameters with the
variation in the process inputs. In addition, while machining,
the wire material which was considered is a zinc-coated brass
wire which further adds to the novelty of the present work as
there is no work reported on WEDM of NAB alloy using zinc-
coated brass wire. The post-machining microstructures of the
machined surface were revealed using FESEM, and elemental
weight percent analysis was revealed with EDX analysis which
also manifests the compositional variation undergone by the
machined surface of NAB alloy due to the use of zinc-coated
brass wire. Thereafter, the paper is divided as follows: Sect. 2
describes the materials and methods adopted in the current
study, Sect. 3 elaborates the findings of the present study,
Sect. 4 reports the surface topography and elemental transfor-
mation analysis and lastly Sect. 5 portrays the conclusions
drawn in the paper.

2. Materials and Methods

In the current analysis, the complex profiles of nickel-
aluminum-bronze (NAB) alloy are obtained experimentally by
using the WEDM process. The constituents of NAB alloy
specimens comprises of Al (13 wt.%), Fe (6 wt.%), Ni
(4 wt.%), Mn (0.71 wt.%), Zn (0.32 wt.%), Sn (0.166 wt.%),
and Cu (75.804 wt.%). The concave-convex profiles (refer to
Fig. 2b) are produced on the rectangular specimen plates with
200 9 30 9 15 mm. The WEDM experiments are carried out
in Electronica-Tool master 6S wire electrical discharge machine
(Table size: 875 9 595 mm, accuracy: 10 microns) wherein,
the brass wire (diameter = 0.25 mm) overlaid with zinc was
selected as the wire electrode. A detailed representation of the
WEDM setup is presented in Fig. 2(a). The input process
variables and their corresponding levels were selected based on
preliminary experiments and previous works (Ref 31, 32).
Apart from the parameters shown in Table 1, the other
parameters were maintained at constant values (such as servo
feed rate = 120 mm/min, wire feed rate = 4 m/min, water
pressure = 15 kg/cm2, and wire tension = 7 N).

The WEDM experiments were performed for total thirty
samples obtained from the face-centered central composite
design by enforcing the different levels of considered process
features; the responses (machining time, kerf width, and corner
error) were recorded for each sample by using the suitable ex-
perimental approaches (refer to Table 2 for the sample wise
obtained observations). The corner error (see in Fig. 2d) and
kerf width (see in Fig. 2e) were measured using an optical
microscope (see in Fig. 2c). The magnitude of wire lag was
accounted in determining the corner error. The three trial runs

of each sample were performed, and the average of responses
was used for further analysis. To draw comprehensive insights
into the surface characteristics of machined surfaces at the
microscopic level (see Fig. 2g), we exploited the field emission
scanning electron microscope (FESEM) in conjunction with
EDX mapping (see in Fig. 2f).

3. Results and Discussion

3.1 Mathematical Modeling and Statistical Analysis

The response surface methodology (RSM) is the procedure
adopted to model the relationship between the process features
and responses. A full quadratic model (inclusive of linear,
higher-order, and interaction terms) is used to approximate the
correlation between the performance measures and process
parameters due to the process complexity. The general form of
full quadratic model is revealed with the help of Eq 1.

c ¼ a0 þ a1x1 þ a2x2 þ a3x3 þ a4x4 þ a11x
2
1 þ a22x

2
2

þ a33x
2
3 þ a44x

2
4 þ a12x1x2 þ a13x1x3 þ a14x1x4

þ a23x2x3 þ a24x2x4 þ a34x3x4

ðEq 1Þ

where c is the response variable, and x1, x2, x3 and x4 are the
explanatory variables. a1, a2, a3 and a4 indicate the linear
effects of x1, x2, x3 and x4. a11, a22, a33, and a44 indicate the
quadratic effects of x1, x2, x3 and x4 and a12, a13, a14, a23, a24,
and a34 indicate the linear-by-linear interaction between x1, x2,
x3 and x4. The regression coefficients are estimated with the
least-square procedure. The models for the three responses
along with their R2 values are shown below:

MT ¼ 10980� 22:4Aþ 0:3B� 1663:1C � 1:34Dþ 0:021A2

þ 0:016B2 þ 67:31C2 � 0:0026D2 þ 0:0242A � B
þ 1:226A � Cþ 0:0370A � D� 0:475B � C
þ 0:0256B � D� 0:341C � D

ðEq 2Þ

(R2 = 0.9974, Adjusted R2 = 0.9950, Predicted R2 = 0.9813)

KW ¼ 4:58� 0:085A� 0:0343Bþ 0:186C þ 0:0069D

þ 0:0004441A2 þ 0:000221B2 þ 0:00203C2

� 0:000035D2 þ 0:000105A � B� 0:001700A � C
� 0:000013A � Dþ 0:000200B � C
� 0:000083B � D� 0:000050C � D

ðEq 3Þ

(R2 = 0.9660, Adjusted R2 = 0.9342, Predicted R2 = 0.8290)

CE ¼ 1862� 30:8Aþ 8:96B� 43:2C þ 1:52Dþ 0:1308A2

� 0:0666B2 þ 0:71C2 � 0:0108D2 � 0:0269A � B
þ 0:242A � C� 0:0042A � Dþ 0:058B � C
� 0:0216B � Dþ 0:0540C � D

ðEq 4Þ

(R2 = 0.9804, Adjusted R2 = 0.9620, Predicted R2 = 0.8585).
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The variance analysis of individual models for MT, KW, and
CE is presented in Table 3, wherein the p-values exhibited by
all the models are observed to be lower than 0.05, implying that
models are statistically significant.

The Pareto analysis conducted for the machining time
illustrated in Fig. 3(a) reveals that current (C) is the relatively
most significant process variable, followed by the square term
of the current (CC), pulse on time (A), the interaction between
current and pulse on time (AC), and servo voltage (D). The
significance of pulse off time (B) is observed to be relatively
lower when compared with the other variables. On the other
hand, the Pareto analysis for kerf width (refer to Fig. 3b)
exhibited the high relative significance of pulse on time (A)
followed by current (C), servo voltage (D), and pulse off time
(B). The interaction between pulse on time (A) and current (C)
is also observed to be statistically significant for the kerf width.
The Pareto chart analysis for corner error (refer to Fig. 3c)
revealed that similar to the statistical model of the kerf width,
all the process variables are found to be statistically significant
in the order of pulse on time (A), current (C), pulse off time (B),
and servo voltage (D). The square term of the pulse on time
(AA) is also found statistically significant for the corner error.

3.2 Parametric Influence on WEDM Performance Measures

In this section, we intend to investigate the role of process
parameters on WEDM performance measures (MT, KW, and
CE) with the help of perturbation plots and 3-D response
surfaces. The perturbation plot assists in demonstrating the
relative influence of parameters on responses at a certain
location in the design space. A perturbation plot corresponding
to the machining time (MT) is shown in Fig. 4(a) to highlight
the relative influence of control parameters. The peak current
(C) has a massive effect on machining time, evidenced by its
steep slope. The rest of the parameters have relatively less steep
slopes, with pulse off time (B) and servo voltage (D) being the
two with the lowest steep slopes, indicating the relatively least
significance of these parameters on machining time. The
perturbation plot in Fig. 4(b) depicts the relative influence of
process parameters on kerf width (KW). It can be inferred that
the kerf width is more sensitive to pulse on time (A) and peak
current (C) as the curves corresponding to these parameters are
relatively steeper. In contrast, the kerf width is relatively less
sensitive to pulse off time (B) and servo voltage (D) which is
evident from the less steep slopes of the curves corresponding
to these parameters. Figure 4(c) shows the perturbation plot for
corner error (CE). The plot shows that the pulse on time and
peak current significantly influences the corner error as the
slope of the curves corresponding to these parameters are
relatively steeper. On the other hand, the pulse off time and
servo voltage have the most negligible influence on corner error
as the slope of the curves corresponding to these parameters is
relatively less steep. It is noteworthy to mention that the
observations gathered from the perturbation plots is found in
agreement with the Pareto analysis presented in Fig. 3. With
this information, we extend our discussion further to demon-

Fig. 2 (a) WEDM machine tool setup, (b) complex profile with dimension, (c) optical microscope, (d) corner error, (e) kerf width, (f) FESEM
setup, and (g) machined surface at microscopic level

Table 1 Input process features with their units and levels

Parameters Level 1 Level 2 Level 3

Pulse on time, ls 118 123 128
Pulse off time, ls 40 45 50
Current, Ampere 10 11 12
Servo voltage, Volt 30 40 50
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strate the role of process parametric variation on the response
variables by using 3D surface plots (refer to Fig. 5, 6, and 7).
Figure 5(a) reveals the trend of variation of MT as a function of
the interaction between pulse on time and current.

Figure 5(a) reveals the trend of variation of MT as a function
of the interaction between pulse on time and current. It is
observed that the interplay between pulse on time and current is
absent in causing any changes in MT, while MT appears to be
affected solely by current as the slope of the surface changes
only in the direction of the current. With the increase in current,
the influx of heat on the work material�s surface increases
which ameliorates the rate of material erosion through lique-

faction and vaporization of the work material. Such phenomena
depict the situation when the current increases from 10 to 11
Ampere. However, MT increases marginally when the current
increases from 11 to 12 Ampere, as in such situation debris may
accumulate in the interelectrode gap due to vigorous melting
and inadequate flushing, which promotes arcs and short
circuits. The response surface in Fig. 5(b) demonstrates the
trend of variation of MT driven by the interaction between
pulse off time and current. MT is observed to attain the
minimum as the current reaches 11 Ampere, and the pulse off
time is maintained at its lowest value (40 ls). Such current and
pulse off time setting is conducive to large heat accumulation in

Table 2 Experimental settings with corresponding responses

Sl.
No.

Pulse on time,
ls

Pulse off time,
ls

Current,
Ampere

Servo voltage,
Volt

Machining time,
min

Kerf width,
mm

Corner error,
lm

1 123 40 11 40 16.15 0.385 152.21
2 123 45 11 40 17.24 0.379 148.896
3 118 50 10 50 172.11 0.262 125.168
4 123 45 11 40 17.28 0.371 148.196
5 118 40 12 50 20.35 0.382 147.71
6 128 40 12 50 17.34 0.447 171.692
7 128 40 12 30 16.26 0.478 178.417
8 128 50 12 50 18.54 0.415 167.23
9 123 45 11 40 17.24 0.376 148.53
10 123 45 11 50 17 0.328 144.686
11 118 50 12 30 17.31 0.388 145.22
12 118 45 11 40 18.3 0.313 141.2
13 118 50 12 50 21.13 0.352 136.02
14 123 45 10 40 151.13 0.339 144.69
15 118 50 10 30 165.09 0.305 132.342
16 118 40 10 50 162.31 0.317 130.345
17 123 45 11 30 15.31 0.394 152.93
18 123 45 11 40 16.54 0.374 148.986
19 128 40 10 50 139.32 0.404 158.18
20 123 45 12 40 16.32 0.394 156.49
21 128 45 11 40 15.57 0.438 165.11
22 128 50 10 50 162.5 0.387 149.4
23 128 50 10 30 127.17 0.417 154.837
24 123 45 11 40 17.15 0.372 148.21
25 128 50 12 30 19.27 0.454 170.82
26 123 50 11 40 17.5 0.355 144.23
27 118 40 10 30 156.5 0.335 136.15
28 123 45 11 40 17.32 0.374 147.912
29 128 40 10 30 125 0.424 160.85
30 118 40 12 30 16.59 0.395 140.63

Table 3 Variance analysis for MT, KW, and CE

Response variable Source Sum of squares df Mean square F-value p-value

MT Model 1.149E + 05 14 8206.05 419.18 0.0001 Significant
Residual 293.65 15 19.58
Total 1.152E + 05 29

KW Model 0.0626 14 0.0045 30.40 0.0001 Significant
Residual 0.0022 15 0.0001
Total 0.0648 29

CE Model 4412.39 14 315.17 53.50 0.0001 Significant
Residual 88.37 15 5.89
Total 4500.76 29
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the interelectrode gap due to the occurrence of a large number
of high intensity sparks. However, at 12 Ampere current, even
though the pulse off time is at its lowest, the machining time
slightly increases due to debris piling up in the interelectrode
gap as previously described. MT appears to be longer when the
current is at its lowest and the pulse off time is at its highest.
Under such situation, the content of heat accumulation in the
interelectrode gap is low due to low intensity sparks and larger
transmission of heat to the dielectric fluid. Machining time
becomes minimum when the current is 11 Ampere, and the
servo voltage is 30 V, which is evident from the response
surface in Fig. 5(c). With a high current of 11 Ampere and a
low servo voltage of 30 V, the spark generates high heat in the
interelectrode gap with less dissipation of spark energy to the
environment due to a narrower spark gap, retaining the spark’s
intensity and triggering severe melting and vaporization of the
work material. In contrast, the machining time remains higher
when the current is 10 Ampere, and the servo voltage is 50 V.
With a minimum current, i.e., 10 Ampere, and a high value of
servo voltage, i.e., 50 V, the spark causes less generation of
heat in the interelectrode gap with more dissipation of spark
energy to the environment due to wider interelectrode gap,
thereby unable to restrain the intensity of the generated spark
which undermines the melting and vaporization of the work
material.

The response surface of kerf width resulting from the
interaction between current and pulse on time is illustrated in
Fig. 6(a). Kerf width attains the top position of the response
surface (maximum) when both the interacting parameters (pulse
on time and current) are at their maximum. Kumar et al. (Ref
33) documented similar observations in WEDM of Al-SiC-B4C
hybrid metal matrix composite. The maximum value of pulse
on time and current leads to the existence of high temperature

plasma channel in the spark gap for a longer duration
promoting a large quantity of heat energy in the spark gap
ensuing tremendous heat transfer on the workpiece surface
which enables fusion and vaporization of a large chunk of
material thereby forming large craters on the machined surface
leading to maximum kerf width. The kerf width attains a
minimum position on the response surface when both the
interacting parameters, i.e., pulse on time and current, are
minimum. The setting of minimum pulse on time and current
possibly leads to the existence of low temperature plasma
channel in the spark gap for a shorter duration fostering the
small-scale generation of heat energy in the spark gap
conducive to minimum heat transfer on the workpiece surface
thereby leading to minimal melting and vaporization of the
workpiece resulting in small-sized craters on the machined
surface eventuating in minimum kerf width. As evident in
Fig. 6(b), kerf width is the maximum when the current is
maximum (12 Ampere) and the pulse off time is minimum
(40 ls). With a maximum current of 12 Ampere and with the
minimum pulse off time of 40 ls, there is a strong possibility of
exorbitant heat energy transfer to the workpiece from the spark
gap triggering the formation of large craters resulting in large
kerf width on account of substantial melting and vaporization
of the workpiece. This is possibly because of the maximum
current that leads to maximum temperature of the plasma
channel and minimum pulse off time undermines the flow of
heat from the spark gap to the flowing dielectric fluid. The kerf
width is minimum when the current is minimum (10 Ampere)
and the pulse off time is maximum (50 ls), as can be noticed in
Fig. 6(b). There is a small flow of heat energy to the work
material from the spark gap with a current of 10 Ampere and
pulse off time of 50 ls as minimum current of 10 Ampere
induces low temperature in the plasma channel and maximum

Fig. 3 Pareto chart analysis for the response variables (a) MT, (b) KW, (c) CE
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pulse off time of 50 ls promotes substantial flow of heat from
the spark gap to the dielectric fluid. The combined effect of
such parametric setting triggers meager melting and vaporiza-
tion of the workpiece leading to the formation of small craters
resulting in minimum kerf width. Figure 6(c) reveals the
compound effect of current and servo voltage on the kerf width.
It can be noticed that kerf width becomes maximum when the
current is 12 Ampere and the servo voltage is 30 V. With
maximum current, i.e., 12 Ampere, and a minimum servo
voltage, i.e., 30 V, there is a possibility that the excessive heat
energy that is developed in the interelectrode gap because of
maximum current gets transmitted to the work material without
significant loss to the dielectric fluid, as the interelectrode gap
remains narrow with the minimum servo voltage. The kerf
width is likely to become maximum due to formation of large

craters due to vigorous melting and vaporization in such
situation. However, when the current is 10 Ampere, and the
servo voltage is 50 V, the kerf width is minimum due to the
evolution of small craters due to inadequate melting and
vaporization of work material. This is possibly because of the
low heat generated by the spark in the interelectrode gap on
account of minimum current and significant dissipation of heat
energy to the dielectric fluid due to the wider interelectrode gap
because of maximum servo voltage.

The response surface of corner error as a function of the
interaction between pulse on time and current is illustrated in
Fig. 7(a). It is evident that corner error is maximum at a
maximum pulse on time of 128 ls and maximum current of
12 Ampere. This is due to the fact that the wire experiences
large spark forces due to the high energized spark (as discharge

Fig. 4 (a) Perturbation plot for machining time, (b) Perturbation plot for kerf width, and (c) Perturbation plot for corner error
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energy is proportional to pulse on time and current) and
substantial bubble generation as a consequence of such setting,
which results in huge wire lag and thereby maximum corner
error. Whereas corner error minimizes at a minimum pulse on
time of 118 ls and minimum current of 10 Ampere due to the
negligible spark forces experienced by the wire owing to the
low energized spark and negligible bubble concentration, which
results in minimum wire lag and thereby minimum corner error.
The aforesaid discussion is in parity with the findings reported
by Bisaria et al. (Ref 34). Corner error becomes maximum if
the current and pulse off time are tuned to their maximum and
minimum value, respectively (refer to Fig. 7b). This is a
consequence of large number of high intensified sparks that is
experienced by the wire electrode, which causes adequate wire
lag and thereby leading to maximum corner error. The corner
error is minimum when the current is minimum and the pulse
off time is the maximum as observed in Fig. 7(b). This is due to

minimal number of low intensified sparks experienced by the
wire at such setting resulting in less wire deflection and thereby
minimum corner error. The variation of corner error as a
function of the servo voltage and current is revealed in
Fig. 7(c). Corner error is maximum as the current increases to
maximum and the servo voltage is lowered to its minimum.
With a maximum current of 12 Ampere and a minimum servo
voltage of 30 V, the spark energy and the intensity of spark
becomes maximum. The maximum energy of the spark is due
to the maximum current and the intensity of spark becomes
maximum due to the constriction of the spark gap on account of
minimum servo voltage. Such situation leads to high spark
forces on the wire resulting in large wire deflection and thereby
large corner error. Conversely, if the current is set to its
minimum value of 10 Ampere and the servo voltage is set to its
maximum value of 50 V, the energy of the spark and the
intensity of spark substantially falls owing to the minimum

Fig. 5 (a) Response surface revealing the interplay between pulse on time and current on MT, (b) response surface revealing the interplay
between pulse off time and current on MT, and (c) response surface revealing the interplay between servo voltage and current on MT
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value of current and the widening of the spark gap, respectively
(Ref 35). This results in lower spark forces and thereby smaller
corner error.

4. Surface Topography and Elemental Transfor-
mation Analysis

4.1 FESEM Analysis

The morphological structure of the machined surfaces is
revealed by utilizing FESEM analysis for two samples in two
different parametric settings. These settings such as (1) Pulse

on time = 118 ls, Pulse off time = 50 ls, Cur-
rent = 10 Ampere, Servo voltage = 50 V, and (2) Pulse on
time = 128 ls, Pulse off time = 40 ls, Current = 12 Ampere,
Servo voltage = 30 V are particularly conducive to low dis-
charge energy, and high discharge energy, respectively. The
FESEM micrograph for low discharge energy reveals shallow
craters (refer to Fig. 8a). Because of the low discharge energy
of the sparks, the thermal agitation due to the spark is
inadequate to cause large material erosion from the work
material resulting in shallow craters. On the other hand, the
FESEM micrograph for high discharge energy exhibits deep
craters (refer to Fig. 8b). This is due to large-scale material
erosion from the work material due to large thermal agitation
caused due to high discharge energy of the sparks. Low

Fig. 6 (a) Response surface revealing the interplay between pulse on time and current on KW, (b) response surface revealing the interplay
between pulse off time and current on KW, and (c) Response surface revealing the interplay between servo voltage and current on KW
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discharge energy settings result in small melted deposits and
fewer small voids, as can be noticed in Fig. 8(a). Conversely,
Fig. 8(b) exhibits huge melted deposits and a significant
number of large voids, which correlate to high discharge
energy settings. Large-scale material melting occurs at high
discharge energy levels, increasing the possibility of molten
material re-solidification due to insufficient flushing, resulting
in large-sized melted deposits. The likelihood of large-scale
material vaporization is higher at high discharge energy settings
which stimulates large-scale trapping of vapor bubbles on the
re-solidified material, resulting in many big-sized voids.
Microcracks appear on the machined surface for high discharge

energy settings, whereas there is no evidence of such micro-
cracks on the machined surface for low discharge energy
settings. High discharge energy causes a large thermal gradient
across the work material, inducing large thermal stresses which
exceed the fracture strength of the work material, and results in
microcracks.

4.2 Energy Dispersive X-ray Analysis

Energy dispersive x-ray analysis is employed to reveal the
compositional changes encountered while WEDM machining
of NAB alloy. The weight percentage of the constituent

Fig. 7 (a) Response surface revealing the interplay between pulse on time and current on CE, (b) Response surface revealing the interplay
between pulse off time and current on CE, and (c) Response surface revealing the interplay between of servo voltage and current on CE
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elements of the machined surface and unmachined surface is
revealed in Table 4. The changes in weight percentage of zinc
and copper are worth highlighting; the weight percentage of
zinc has tremendously increased due to diffusion of zinc from
the wire to the work material. However, the weight percentage
of copper has slightly reduced due to the formation of
intermetallic phase (refer to Table 4). EDX mapping of the
marked region corroborates the formation of intermetallic
phases (refer to Fig. 9). The weight percent of Fe, Ni, and Al of
the machined surface as shown in Table 4 has diminished from
the parent material due to formation of intermetallic phases.
Whereas the percentage weight of manganese of the machined
sample remains almost same as the parent material due to high
melting point.

5. Conclusion

In the present work, we have undergone an experimental
investigation to comprehend the domination of WEDM input
features on machining time, kerf dimension, and corner error
while machining complex profiles on NAB alloy through
WEDM. RSM is exploited to mathematically model the
response variables and analyze the effect of process parametric
variation on the response variables. Following inferences are
extracted from the current research:

1. Pareto chart for machining time (MT) reveals that current
(C) is relatively the most influential process variable, fol-
lowed by pulse on time (A), servo voltage (D), and pulse
off time (B). Pareto chart for kerf width (KW) reveals
that pulse on time (A) is relatively most influential pro-
cess variable followed by current (C), servo voltage (D),
and pulse off time (B). Pareto chart for corner error (CE)
reveals that pulse on time (A) is relatively most influen-
tial process variable followed by current (C), pulse off
time (B), and servo voltage (D).

2. FESEM images revealed the generation of a huge num-
ber of large-sized voids, large melted deposits, deep cra-
ters, and microcracks on the surface processed through
WEDM at high discharge energy settings. Whereas due

Fig. 8 (a) FESEM micrograph image of NAB alloy after WEDM
at low discharge energy setting (Pulse on time = 118 ls, Pulse off
time = 50 ls, Current = 10 Ampere, Servo voltage = 50 Volts), (b)
FESEM micrograph image of NAB alloy after WEDM at high
discharge energy setting (Pulse on time = 128 ls, Pulse off
time = 40 ls, Current = 12 Ampere, Servo voltage = 30 Volts)

Table 4 Chemical composition of the machined and unmachined sample

Element Percentage weight of elements, wt.%(machined sample) Percentage weight of elements, wt.%(unmachined sample)

Cu K 52.13 75.804
Zn K 25.16 0.32
Fe K 4.49 6
Ni K 2.23 4
Al K 15.23 13
Mn K 0.77 0.71
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to low energy spark, there are small-sized voids, small
melted deposits, and shallow craters on the WEDM pro-
cessed surface. The presence of microcrack is not evident
on the surface processed through WEDM at low dis-
charge energy level.

3. EDX analysis revealed that zinc has adequately deposited
on the machined surface due to the large-scale diffusion
from the zinc-coated brass wire.
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