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Abstract: The present work aims to carry out a feasible
study of wire electro-discharge machining (WEDM) during
the machining of Inconel 690 superalloy gears. Processing
conditions of power-on time, power-off time, current, and
spark-gap voltage are varied to evaluate the process per-
formance in terms of material removal rate (MRR), surface
roughness (SR), and wire consumption. Parametric opti-
mization has been carried out using combined approach of
response surface methodology (RSM) and artificial neural
network (ANN). Results revealed that ANN predicted values
are 99% in agreement with the experimental results which
validates its effectiveness as compared to RSM predicted
values. A viability study of noise characteristics of
the processed gear is also done using a noise testing
setup. Additionally, FE-SEM has been used to analyze
the machined surface’s topography. Greater discharge
energy brought by a longer pulse length raises the
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values of MRR, SR, and recast layer thickness (RLT).
This study explores the capability of WEDM to produce
a more precise and smooth gear profile as compared to
other conventional machining methods. Additionally,
RLT and microhardness of the machined surface have
been critically studied to comprehend the better under-
standing of the process mechanism.

Keywords: Inconel 690, surface roughness, optimization,
gear noise characteristics, response surface methodology,
artificial neural network, FE-SEM

1 Introduction

With the advance in micro-electromechanical systems
and micro systems, the need for micro-components and
micro-devices also increases. For the transmission of
motion and power in these micro-systems, there is a
need of miniature gears. Miniature gears used in micro-
systems have a vast area of application which include min-
iature motors and pumps, actuators, miniature gearbox,
robots, timing mechanism, scientific instruments, aero-
space industry, military applications, medical equipment,
electronic devices and instruments, etc. [1,2]. Depending on
the design and the required quality level, a variety of man-
ufacturing procedures are utilized for the machining of
small gears. When machining gears, some of the traditional
procedures utilized are hobbing, stamping, extrusion, for-
ging, powder metallurgy, etc. However, in the case of these
standard procedures, a secondary finishing operation is
necessary to achieve the requisite surface quality of the
micro gear, which is a significant disadvantage for them [3].
Electro-spark erosion-based non-conventional machining
techniques are now available to help manufacturers produce
high-quality small gears with improved surface quality and
dimensional precision.

When it comes to machining electrically conductive
materials, regardless of their toughness and hardness,
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wire electro-discharge machining (WEDM) has become a
unique form of electro-spark erosion. It creates surfaces
with little grit and has the potential to cut any intricate
shape or geometry with great precision. Literature can
enlighten readers about important traits, influencing vari-
ables, process capacity, etc. [4—7]. The WEDM’s material
removal method is depicted in Figure 1. For the production
of miniature parts for the aerospace sector, dentistry and
medical equipment, gear pumps, and motors, among other
things, WEDM is frequently utilized. Every machining pro-
cess has a number of elements that influence how success-
fully it accomplishes one or more objectives. To improve the
process performance, a variety of optimization approaches
for single-objective, multi-objective, or both forms of process
characteristic optimizations are available.

In the past, Hori and Murtaza used micro- WEDM for
the processing of micro spur gear. It was concluded that
the micro spur gear has a uniform profile and there was
no undercutting error at root area of the gear profile [8].
Benavides et al. used micro-WEDM for the machining of
304 SS. Results show that machined surface has micro-
level surface finish with good profile characteristics. The
thickness of recast layer formed during the machining
was also less [9]. Uhlmann et al. [10] concluded that
micro-WEDM is highly capable of manufacturing minia-
turized components with high surface finish and low pro-
file error. Ali et al. [11] discussed the comparative study of
conventional and WEDM for the fabrication of meso spur
gear of copper. It is concluded that gears formed by
WEDM process have an average surface roughness (SR)
of 1um along with the dimensional variation of less than
2%. Talon et al. [12] used EDM to manufacture the Ti-6AL-4V
spur gear. It was concluded that use of process parameters
in a controlled way gives highly precise results. To forecast
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Figure 1: Process mechanism for removing material: (a) schematic and (b) pictorial view.
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the value of CS during the WEDM of SiCp/6061 Al metal
matrix composite, Shandilya et al. employed a combined
method of response surface methodology (RSM) and arti-
ficial neural network (ANN) [13]. During the WEDM, the
wire tool breaking process was investigated by Liao et al.
During the processing, a computer-aided pulse-discrimi-
nation system was cast-off to acquire a large amount of
sparking frequency data. The main causes of wire tool
breakage were determined to be an excessive spark arc
and a sudden increase in the sparking frequency [14].
Paul et al. [15] conducted an experimental study on man-
ufacturing of miniature gear of Inconel 718 using WEDM
process. Results show that at high discharge energy levels
there is a high presence of coral reef on the machined
surface, while in case of low discharge energy levels there
are random micro-cracks present on the machined surface.
Chaubey and Jain [16] studied the microstructure of meso
gears machined by WEDM process on a rectangular plate
of stainless steel. It was concluded that the gears have
uniform tooth profile and are free from the presence of
sharp edges at both the end faces. Chaudhary et al. [17]
conducted a multi-response optimization for miniature
gear of Nimonic alloy fabricated by WEDM process using
different dielectric fluids. Results reveals that ethylene
glycol mixed de-mineralized water used as a dielectric
fluid is the most significant parameter among all the input
process parameters. Singh and Misra [18] used a combined
RSM and ANN technique to examine the surface finish of
WEDM-machined combustor material. The predicted and
experimental values were found to be in good agreement,
proving the validity of the experimental study. Abhilash
and Chakradhar have employed the Naive Bayes classifier
technique to analyze and categorize the wire rupture
during Superalloy 718 machining utilizing WEDM. Short-
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Performance analysis of WEDM during the machining of Inconel 690 miniature gear

Element Weight ©o Atomic %o
Cr 31.22 33.72
Fe 10.03 10.09

Ni

58.75 56.20

Total

100.00 100.00

Element

Weight % Atomic %

Cu

53.47 54.18

7n

Figure 2: EDS analysis of (a) Inconel 690 and (b) fresh wire.

circuit sparks were found to be the most important factor
in wire tool failure [19]. Depending upon the characteris-
tics and its application, various materials like tool-steel,
carbon-steel, copper and its alloys, aluminum and its
alloys, titanium and its alloys, nickel and its alloys, plas-
tics, nylon, Teflon etc., are used for the manufacturing
of miniature gears. Miniature gear made of superalloys
has been widely used in aerospace industry, medical
implants, electronic industry, gas turbine industry, auto-
mobile sector, etc. [20].

Published articles lack any work on formation of min-
iature gears from nickel-based superalloys and studying
the effects of operating conditions on noise characteristics
of the gears. Very few authors discuss about the effects of
process variables on the tribological behavior of the pro-
cessed component. So, the present investigation aimed at:
1) Formation of miniature gears from nickel-based super-

alloy Inconel 690 using WEDM and studying the sur-
face integrity of the tooth profile.

46.53 45.82

2) Studying the postprocess changes in the surface topo-
graphy of the processed component by employing scan-
ning electron microscopy (SEM).

3) Analysis of recast layer formation on the gear tooth
surface and variation in recast layer thickness (RLT)
along the machined surface using FE-SEM.

4) RSM and ANN-based multi-objective process variable
optimization

5) Studying the effects of operating conditions on the
gear noise characteristics.

2 Materials and methodology

2.1 Materials

In the present study a nickel-based superalloy Inconel
690 is used as the workpiece material. Inconel 690 has
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high chromium content in it which offers high strength
and high corrosion resistance property in aqueous medium
and high temperature. It has immense demand in industrial
area and is very much needed in aerospace and gas turbine
industry. A rectangular plate with dimensions 150 mm x
150 mm x 15 mm is used for the manufacturing of miniature
gears. Miniature spur gears with outer diameter of 10 mm
are cut from the rectangular plate. EDS analysis of the work-
piece material and wire tool is demonstrated in Figure 2,
respectively.

2.2 Methodology

In the present study, WEDM machine (Model: Sprint cut-
ELECTRONICA) is used for the cutting of miniature gears
from the workpiece surface. Superalloy 690 is a very hard
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material to cut because of its high strength and hardness. A
pictorial view of the process followed during the present
study is shown in Figure 3. Initially, grinding and buffing
of workpiece plate is done to remove the layer of impurities
present on its surface in order to avoid the wire breakage
and proper spark generation during WEDM. In the present
analysis, power-on time (T,,), power-off time (T.g), peak
current (Ip), and spark gap voltage (S,) are used as input
process variables. Process performance is evaluated in
respect of material removal rate (MRR), SR, and wire
consumption (WC). Ranges and level of input process
variables are tabulated in Table 1.

In the next step, an experimental plan is set for
accomplishment of the experiments using WEDM with
the help of Box—Behnken design (BBD) of RSM [21-24].
Although the central composite design (CCD) has been
chosen in various past research [25-29], BBD was chosen
over CCD as it provides lesser number of experiments for

Figure 3: Pictorial view of process flow chart: (a) WEDM machine setup, (b) processing of superalloy 690 by WEDM, (c and d) miniature spur
gears and their cavity in the plate after WEDM, (e) SR measurement, and (f) microhardness analysis.
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Table 1: Ranges and levels of input variables

Variables Input process parameters
Source Range  Unit Level
1 2 3
Power-on time (Ton) 105-131 ps 105 118 131

Power-off time (Ty5)
Peak current (/p)
Spark gap voltage (S,)

30-60 ps 30 45 60
40-220 A 40 130 220
20-80 V. 20 50 80

N W >

same number of parameters. As per Box behnken design,
a total of 29 runs are done with 5 replications of center
shown in Table 2. The manufacturing of miniature gears
from the super alloy 690 square plate using WEDM is
shown in Figure 3(c). Following WEDM processing, the
SR of the miniature gears is measured using a Telesurf
surfcom (Make: Accretech) roughness tester. The treated
surface’s roughness is measured according to ISO 1997

Table 2: Experimental runs
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standards. The calculations used a cut-off value of 2.5 m
and a sampling length of 4 mm. Five tests were run on
each machined surface, and the average result was used
to determine the roughness value. FE-SEM (Make: Joel,
JSM-6390LV, 20.0 keV) was used for microstructural
investigation, and Vickers’ hardness tester was used
for microhardness measurement [30-32].

3 Results and discussion

Ton, Tos, I, and Sy are selected as input factors for the
current study, while MRR, SR, and WC are regarded as
response variables. The effects of various input factors on
process performance are depicted in Figure 4. Among all
the input factors, T,, is discovered to have the greatest
influencing power. The output data demonstrate that as
Ton increases, MRR and SR also rise and vice versa. The
number of electrons striking the work surface in a single

No. of runs Input process variables Experimental results RSM predicted ANN predicted
Ton Tort IR S, MRR SR wC MRR SR wc MRR SR wc

1 Al B1 c2 D2 3.83 1.64 42.98 9.17 1.67 51.46 3.83 1.67 42.97
2 A3 B1 c2 D2 6.67 3.82 19.56 14.6 3.69 30.00 9.03 3.55 17.90
3 Al B3 C2 D2 1.27 0.73 144.92 4.85 0.81 137.26 1.28 0.81 144.66
4 A3 B3 c2 D2 5.55 3.18 31 11.7 3.10 25.30 5.54 3.12 31.08
5 A2 B2 C1 D1 4.2 2.46 40.09 6.34 2.25 47.91 9.09 1.48 18.50
6 A2 B2 c3 D1 6.11 3.11 27.17 15.7 3.06 25.91 6.10 3.06 27.32
7 A2 B2 C1 D3 2.34 1.54 71.75 4.23 1.54 75.79 2.31 1.59 71.47
8 A2 B2 c3 D3 6.42 2.85 25.79 15.8 3.01 20.75 9.04 2.84 18.06
9 Al B2 C2 D1 2.23 1.63 78.11 8.30 1.43 77.47 3.34 0.94 73.32
10 A3 B2 c2 D1 6.67 3.02 28.22 13.8 3.09 22.13 6.71 3.25 28.22
11 Al B2 c2 D3 1.68 0.72 94.8 6.60 0.55 100.2 1.49 0.86 94.56
12 A3 B2 c2 D3 7.47 3.11 22.15 13.4 3.21 22.11 7.47 3.18 22.02
13 A2 B1 C1 D2 4.64 2.39 36.42 6.65 2.36 33.31 7.96 2.39 20.64
14 A2 B3 C1 D2 1.6 1.82 105.14 3.04 1.92 101.44 1.76 1.69 104.01
15 A2 B1 c3 D2 4.84 3.98 19.34 17.1 3.79 22.37 4.82 3.84 19.39
16 A2 B3 c3 D2 5.18 2.83 32.91 13.55 2.77 35.34 5.18 2.78 32.93
17 Al B2 c2 D2 1.36 0.47 130.65 2.49 0.58 126.39 1.33 0.81 116.33
18 A3 B2 Cc1 D2 3.98 2.51 43.1 6.30 2.51 42.33 4.07 2.44 42.63
19 Al B2 c3 D2 2.41 1.39 71.85 10.62 1.50 70.53 2.44 1.38 71.87
20 A3 B2 c3 D2 6.86 3.88 18.98 19.19 3.88 21.15 6.83 3.81 18.97
21 A2 B1 C2 D1 5.14 2.81 32.5 12.09 3.07 24.22 5.16 2.74 32.65
22 A2 B3 c2 D1 7.28 2.54 32.95 10.92 2.63 41.40 7.27 2.55 33.13
23 A2 B1 c2 D3 5.14 2.96 22.75 13.50 2.98 12.21 5.15 2.84 22.76
24 A2 B3 c2 D3 2.42 2.11 69.94 7.47 1.96 76.13 2.42 2.15 70.11
25 A2 B2 c2 D2 9.38 2.83 17.96 14.48 2.31 18.13 8.65 2.39 18.22
26 A2 B2 c2 D2 8.34 2.08 18.46 14.48 2.31 18.13 8.65 2.39 18.22
27 A2 B2 c2 D2 8.26 2.17 17.63 14.48 2.31 18.13 8.65 2.39 18.22
28 A2 B2 c2 D2 8.37 2.29 18.35 14.48 2.31 18.13 8.65 2.39 18.22
29 A2 B2 c2 D2 8.38 2.22 18.22 14.48 2.31 18.13 8.65 2.39 18.22
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Figure 4: Various input factors’ effect on: (a) MRR, (b) SR, and (c) WC.
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discharge increases as T, and I, grow. More materials
are removed from the work surface for each discharge. As
a result, MRR rises as T,, and I, rises. The metal is
removed from the work surface in the form of craters,
which is a well-known phenomenon of WEDM. Increased
material removal results in a poor surface finish and a
higher SR value. On the other hand, WC has a different
response as compared to MRR and SR for T,, [33-35].
High discharge energy is associated with higher T,,, and
I, values. As a result, the wire tool length required to
eradicate the material from the work piece is reduced.
As the wire feed remains constant throughout the pro-
cess, Tog increases the pulse duration, requiring more
wire tool length to eradicate the material from the work
piece. A larger S, widens the space between the work
piece and the wire tool, resulting in reduced spark con-
centration. As a result, the amount of wire used increases.
It is obvious from the results that I, also has similar pos-
sessions like T,, on MRR, SR, and WC. T, and S, also
have some severe effects on MRR, SR, and WC [36-38]. As
the T,z and S, value drops, some rise in the value of MRR
and SR is noticed.
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The time period of sparks creation in the WEDM pro-
cess increases with the increase in T,, value, which inex-
orably influences the MRR. The spark gap narrows as the
S, decreases, increasing the number of sparks produced
per unit of time. The machining rate is indirectly accel-
erated, increasing the MRR [39-41]. The findings show
that higher T,, and I, values result in increased MRR
and SR. According to interaction plots, the increase in
Ton and I, values is predominantly associated with an
increase in MRR; however, after reaching a certain point,
MRR begins to decline. Though, as seen in Figure 4a,
MRR for T, and S, declines as their values increase.
According to the findings for SR, which are depicted in
Figure 4b, SR rises as T,, and I, values increase.

3.1 Multi-objective optimization
ANN is a MATLAB toolkit. Backpropagation neural net-

work (BPNN) models are commonly created with it. WEDM
has a large sum of input process factors which have a

Validation: R=0.99459
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Figure 5: Comparative graph of actual and ANN projected values, using linear regression analysis.
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substantial impact on the process output. Because of the
intricacy and stochastic nature of the data, statistical ana-
lysis is possible, but precise guess of values using a scien-
tific equation is not valid. As a training vector, four input
process variables are included in the current study.

Various limitations, such as the number of iterations,
hidden layer nodes, network type, and so on, affect the
performance of a BPNN model. As a result, during BPNN
training, selecting the most optimal values for input pro-
cess variables is crucial [30].

The ideal configuration of the ANN model is deter-
mined for current study by altering the sum of neurons in
the hidden layer. For the current ANN model, the dataset
is split into three parts: 60% for training, 20% for valida-
tion, and 20% for testing. The current model is an FF-
BPNN with a Levenberg—Marquardt training procedure.
In the existing model, 1 buried layer contains 20 neurons.
The linear regression graphs of actual vs predicted values
for ANN are shown in Figure 5. The R-values achieved for
the training and validation datasets in this model are
0.99148 and 0.99459, respectively, which are extremely
near to 1. The current model’s results reveal that actual
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and anticipated values are in good agreement. In addi-
tion, Figure 6 shows a comparison graph between the
actual values and the expected outcomes. In comparison
to the quadratic RSM model, the constructed ANN model
provides more exact and generalized predicted values, as
seen in the comparison graph.

4 Surface topography and noise
characteristics analysis

4.1 Surface integrity

Investigation of profile characteristics on the WEDM small
gear profile reveals the existence of micro-cracks and
bowl-shaped cavities called craters on the gear tooth sur-
face, as well as some spherical droplets [42-44]. Some
molten metal and re-solidified material can also be seen
on the gear tooth surface in the form of a lump of debris.
Figure 7 shows a burr-free uniform tooth profile of WEDMed
gears machined under various operating circumstances, as

b SR

T
wn

w

~

-

(=)

© Lo W e

1234567 891011121314151617181920212223242526272829

— Actual SR RSM e ANN

A

1234567 891011121314151617181920212223242526272829

w— R SV ANN

Figure 6: Relative graph of actual vs predicted values for (a) MRR, (b) SR, and (c) WC.
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Figure 7: SEM micrographs of gear profile and gear tooth surface machined at (a) Ton, 118; Tosr, 305 I, 220; Sy, 50 and (b) Top, 105; Tosr, 45; Ip,

130; S,, 50.

well as their microstructures. Small craters, spherical mod-
ules with a lump of debris, and re-solidified material are
portrayed on the surface of the machined work piece,
according to Figure 7a and b.

4.2 Microhardness analysis

The hardness of the work piece is affected by the forma-
tion of recast layers on its top surface. Testing for micro-
hardness is an easy technique to confirm this. In this
work, a microhardness testing machine is used to examine
the variation in the microhardness values of the core mate-
rial and the machined region [45,46]. The variance in
microhardness along the subsurface of the recast layer is
seen in Figure 8. In comparison to the core materials,
microhardness rises close to the subsurface of the recast

layer, as depicted in the graphs. The formation of recast
layers on the face of the processed work surface enhances
the hardness of the work piece. Because the recast layer
is formed exclusively on the machined area of the
work piece, the hardness of the core material is not
affected. A total of six indentations have been made
on each work surface, starting from one end to the other
end, as shown in Figure 8. From the results, it can be
seen that the value of hardness decreases as the testing
point moves from machine area to the core area of the
processed work piece.

4.3 Noise characteristics

These types of problems significantly reduce the gear’s
service life. The setup used for noise measurement, as
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shown in Figure 9, comprises of a pair of spur gear in
which one is the master gear and the other one is the
testing gear. The noise generated during the meshing of

PerspexBox  Testing Gear

/

I

RPM RPM Meter ——»|
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j Motor
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Tape

Coupling Bearing Box

Master Gear

Sound Meter

the gears was measured at different time intervals. A DC
motor, which is used to supply power, is connected to the
master gear. Master gear can rotate from 1,500 to 2,800
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Figure 9: Noise testing setup: (a) schematic view and (b) photographic view.
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RPM. The speed of the master gear can be varied with the
help of the RPM controller. Two Perspex boxes are used,
one is to cover the power supply chamber, i.e., motor and
the other one for the gear meshing chamber to avoid the
sound of the surroundings.

A non-contact RPM meter, i.e., testo-465 with a mea-
suring range of +1 to +99,999 RPM and accuracy of
+0.02% of the measured value is used for monitoring
the speed of rotation. For noise measurement, a sound
level meter, i.e., testo 816-1 with a measuring range of
30-130dB is used. A comparative study between gears
manufactured by two different conventional processes,
i.e., milling and shaping is done to analyze the effects
of machining process on the noise characteristics of the
gear. Both the gears are meshed with the master gear indi-
vidually for different run time, and during the meshing
period, their noise levels are recorded using sound level
meter [47,48]. Noise level of gear manufactured through
milling process is higher as compared to that of gear man-
ufactured through shaping process. Initially, the sound
level for both the processes was approximately 99 dB for a
run time of 60s. As the run time increases, the difference
between the noise levels of both the processes also

Table 3: Noise level results at different intervals of time

S. No Gears Average noise levels
60s 120s 180 s
1 Milling gear 99.40 dB 108.12dB 109.38 dB
Shaper gear 99.42 dB 102.37 dB 107.60 dB
3 WEDM gear 98.13dB 99.75dB 101.91dB

increases. In case of WEDM machined gears, noise was
measured at three different levels of time, i.e., 60, 120
and 180 s respectively. In case of 60 s, maximum level of
noise generated by the meshing gears is 98 dB, while in
case of 120 s meshing time, the maximum noise level is
99.7 dB. For 180 s meshing time, the noise level reaches
up to 102 dB.

From the experimental results, it was concluded that
with the increase in the meshing time, the noise and
vibration also increases, but when compared to the con-
ventional machining processes, the gear manufactured
by WEDM process generates less noise [49,50]. A com-
parative graph of both the conventional methods with
WEDM process is shown in Figure 10. Average noise
levels for milling, shaping, and WEDM processed gears
at different run time are shown in Table 3.

5 Conclusion

The present study accomplishes that the gear tooth
profile, which was machined at different parametrical
settings (maximum MRR and SR conditions), has small
craters and spherical modules with a lump of debris and
re-solidified materials on its surface, according to surface
integrity analysis. As there are fewer craters and less
amount of debris on the surface of the machined surface
under minimum MRR and SR parametrical settings, this
surface is found to be smoother. From experimental runs,
it was concluded that, among all the input process vari-
ables, pulse-on time (T,,) is the most significant variable
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which affects the process performance mostly. When
BPNN models are compared to quadratic RSM models,
it is found that the generated BPNN models have more
precision and accuracy. Noise characteristic analysis shows
that with the increase in the meshing time, the gear noise
level also increases. From the comparative analysis, it is
clear that the gears machined by WEDM process have
good micro-geometry and high surface quality as compared
to that manufactured by conventional gear manufacturing
processes.
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