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Abstract: The optimization of micro milling electrical discharge machining (EDM) process parameters of Inconel 718 alloy to
achieve multiple performance characteristics such as low electrode wear, high material removal rate and low working gap was
investigated by the Grey-Taguchi method. The influences of peak current, pulse on-time, pulse off-time and spark gap on electrode
wear (EW), material removal rate (MRR) and working gap (WG) in the micro milling electrical discharge machining of Inconel 718
were analyzed. The experimental results show that the electrode wear decreases from 5.6x10~° to 5.2x10~° mm®/min, the material
removal rate increases from 0.47x10°® to 1.68x10 " mm®/min, and the working gap decreases from 1.27 to 1.19 um under optimal
micro milling electrical discharge machining process parameters. Hence, it is clearly shown that multiple performance characteristics

can be improved by using the Grey-Taguchi method.

Key words: Inconel 718 alloy; micro milling electrical discharge machining; electrode wear; material removal rate; working gap;

Grey-Taguchi method

1 Introduction

With increasing demand for highly technical
products, it is easy to recognize the developing trend of
the minimum dimension in the design and
manufacturing. It can be expected an increase in the
selection of high strength materials and the need for
higher quality machining using optimized machining
parameters and dedicated tools. Inconel 718 has been
employed extensively in aerospace, petroleum and
nuclear energy applications due to its unique properties,
such as high strength, thermal resistance and high
corrosion resistance. However, the machining of Inconel
718 causes high cutting temperatures. This has become
more problematic in terms of both efficiency and tool
wear.

Since conventional cutting or grinding processes
have limitations in fabricating reductions in the size and
mass of technological devices, micro electrical discharge
machining (EDM) is one of the most commonly used

non-conventional machining processes in micro
injection, stamping and micro die/molds, fuel nozzles,
micro probes, photo-masks and micro tools. However,
tool wear is the most common defect of this technique. It
is caused by the erosive effect occurring during the
discharge between the tool and the workpiece, which
dramatically deteriorates the machining accuracy in the
micro EDM process. Therefore, searching for new
machining methods is imperative in order to decrease
tool wear in micro EDM processes. Micro milling EDM
is an evolution of CNC contouring micro EDM, which
eliminates the need for tool wear compensation and
customized shaped electrodes required in conventional
micro EDM. Micro milling EDM enables the machining
of micro cavities, micro grooves or micro curved
surfaces under non-contact conditions with simple
cylindrical or tubular electrodes. HAN et al [1] proposed
the moving electric arc milling method, which has
achieved a much higher mean removal rate compared
with conventional EDM. Moreover, they pointed out
that the wear of tool electrodes is negligible when these
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moving electric arc milling processes are done in oil
dielectric fluid, and this is very favorable in the area of
machining accuracy. Since EDM is basically a thermal
material removal process, the electrical conditions
supplied (such as electrical current, voltage, pulse
duration, spark gap) can be very important factors [2].
Adhesion, short-circuiting and cavitations
frequently during machining processes in micro EDM,
making the discharge pulses unstable and machining
time excessive [3]. LAUWERS et al [4] claimed that
milling EDM is certainly possible in SiC, but the pulse
interval times should be selected properly to obtain
stable machined surface quality. Several researchers
studied the compensation of electrode wear during
milling EDM [5-7]. Moreover, SINGH et al [8] studied
the effects of varying the pulsed current at reverse
polarity with various electrodes on electrode wear (EW),
material removal rate (MRR), diametral working gap
(WG), and surface roughness in EDM of E-31 tool steel.
Their study revealed that various machining parameters
influence electrode wear, material removal rate and
working gap, and that it is difficult to produce optimum
machining quality by setting possible combinations of
the parameters. Since EW, MRR and WG determine the
cost and accuracy of machining, it is important to
optimize the process parameters appropriately, and to
maximize MRR, EW and WG. On the other hand, the
Taguchi method provides an effective experimental
design method for solving the variability in products or
processes [9—11]. In addition, grey relational analysis
(GRA) can effectively recommend methods for
optimizing the complicated inter-relationships among
multiple performance characteristics. Hence, the
objective of the present study was to optimize the
process parameters in micro milling EDM by using the
Grey-Taguchi method, which has been used extensively
in the past to solve troublesome problems in various
industries [12—15].

occur

2 Taguchi method

Generally, in order to satisfy the conditions of micro
machining, such as micro EDM, the discharge energy (Jp)
must be as low as possible during one pulse on-time. The
discharge energy of a single pulse can be expressed as
follows:

Jp = Dplpt,, (1)

where Dp is the spark gap voltage of a single pulse, V; /p
is the discharge current of a single pulse, A; f,, is the
pulse on-time, s. However, spark gap voltage can be
uncontrollable depending on the electrode materials and
connecting interfaces during a discharge sparking.
Furthermore, Ip and ¢,, determine the discharge energy

level and control the interaction of the machined size and
the quality of the tool and workpiece. In order to
investigate the influence of control factors (peak current,
pulse on-time, pulse off-time and spark gap) on EW,
MRR and WG in the micro milling EDM of Inconel 718,
four factors were considered at three levels each. Namely,
an Lo(3%) orthogonal array was employed. Table 1 lists
the micro milling EDM test parameters and levels.

Table 1 Parameters and levels of micro milling EDM

Symbol Factor Level 1 Level2 Level3
A Peak current/A 0.5 1.0 1.5
B Pulse on-time/pus 1 3 6
C Pulse off-time/ps 3 13 25
D Spark gap/V 30 45 60

Polarity for electrode is negative, polarity for workpiece is positive.
Electrode rotation speed is 500 r/min.

The experiments were repeated twice and the mean
values of each output were subsequently used to analyze
the results. The optimization of observed values was
determined by analyzing the signal-noise ratio (S/N),
based on the Taguchi method. The objective of this study
was to determine the machining conditions required to
achieve minimum EW, maximum MRR and minimum
WG in the micro milling EDM process. Therefore, the
quality characteristics of larger-the-better for MRR and
smaller-the-better for EW and WG were implemented in
this study. The S/N ratio of the smaller-the-better and the
larger-the-better characteristics can be expressed as

follows:
1 & ,
(S/N)s ==101g—> "y (2)
g =1
1 &1
(SIN) =-10lg—> — (3)
g =1y

where (S/N)s is the S/N ratio of the smaller-the-better
characteristic, (S/N). is the S/N ratio of the
larger-the-better characteristic, nx is the number of
repetitions of the experiment and y, is the average
measured value of experimental data /.

3 Grey relational analysis

The data sequences of the higher-the-better
performance characteristic for MRR and the lower-
the-better performance characteristic for EW and WG
were pre-processed as follows [15]:

x{ (k) —min x? (k)

x; (k)y = :
" maxx? (k) —min x? (k)

k=1-n,i=1-9 (4)
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max x. (k) — x? (k)

max xl-o (k) —min x? (k) ’

x; (k) = k=1-n,i=1-9 (5)
where n is the performance characteristic, i is the
experimental number, x;k (k)y and xj (k). are the
higher-the-better and lower-the-better values after grey
relational generation, respectively, minx? (k) is the
smallest value of xl-O (k) and maxx? (k) is the largest
value of x? (k). The grey relational coefficient & (k)
can be calculated as follows:

A +A
(F) = —Zmin 'max 6
é( ) AOi (k) + gAmax ( )

where A;(=| x; (k)— xf (k)] isthedifference in absolute

value between x,(k) and x; (k) , Ay, (=minmin
Vjei Vk

| xg(k)=x;(k)|)) is the smallest value of 4 ,

Amax(z ri%i)fmilf}cx“x()(k)_x | (k)”} is the largest value of

y;

;- xg(k) is the reference sequence, x;(k) is the
comparability sequence, and ¢ is the distinguishing
coefficient, ¢ € [0,1]. The value of ¢ can be adjusted
according to the actual system requirement and ¢ =0.5
is selected in this study.

The grey relational grade (y;) is a weighting-sum
of the grey relational coefficient. It is defined as follows:

=13 e ™
nj—

The experimental data of the multi-response
characteristics were evaluated by using this grey
relational grade. The evaluated grey relational grade
fluctuates from 0 to 1 and equals 1 if these two
sequences are identically coincident. The optimum level
of the process parameters is the level with the highest
grey relational grade.

4 Experimental

The micro milling EDM experiments were
conducted on an EDM machine (OCT 200—MA, Ocean
Technologies) with an iso-frequent pulse generator,
having a maximum operating discharge current of 3 A
and capable of setting an open-circuit voltage of 10 V.
The maximum travel range of the machine is 200 mmx
150 mmx150 mm with the position resolution of 0.1 um
in X, Y and Z directions and fully closed feed back
control ensures sub-micron accuracy. All Inconel 718
specimens were standardized with a size of 25 mmx25
mmx2 mm by using a grinding machine (KGS—520ZT,
KENT Industrial Company) with a diamond-grain
resin-bond grinding wheel.

The dielectric fluid pressure is closely related to the
debris concentration and fluid viscosity, and hence a
flushing pressure of 0.1 MPa was maintained. The tool
electrode used was a cylinder-type tungsten carbide tool
with a diameter of 200 um. Micro milling EDM depth of
20 pm was evaluated experiments. The
experimental process variables and settings are
summarized in Table 1. Kerosene was selected as a liquid
dielectric. The working gap was accurately measured
off-line with a video measuring machine (VERTEX 220,
Advanced Measurement Machines) with a magnification
magnitude of 100. Basically, the smaller the working gap
in the micro milling EDM process is, the better the
machining performance is. The electrode length becomes
shorter and the gap between the electrode tip and the
workpiece surface becomes larger due to the electrode
wear during machining. Therefore, the electrode wear
was calculated using a CCD system with measurement
software. Specifically, the length of the micro-electrode
was measured both before and after the micro milling
EDM process, and the electrode wear was compensated
for based on the measured results. A scanning electron
microscope (SEM) (JSM—6500F, JEOL) was used to
obtain a better picture of surface quality after micro
milling EDMed.

in all

5 Results and discussion

Table 2 shows the experimental results of the EW,
MRR and WG, and the corresponding S/N ratios using
Egs. (2) and (3), respectively. The ANOVA results for the
EW, MRR and WG are listed in Table 3. For EW, the
spark gap (P = 40.62%, P is contribution), peak current
(P=30.05%) and pulse off-time (P=21.79%) have a
higher effect on the EW; this result agrees quite well
with Eq. (1). The best combination for attaining lower
EW is AB;C;D; (that is, peak current 0.5 A, pulse
on-time 6 us, pulse off-time 25 ps and spark gap 60 V).
An increase in pulse off-time and spark gap, and a
decrease in peak current can obtain a low EW. Pulse
on-time has relatively little effect on the EW. This can be
explained by the fact that lower discharge energy input
and higher spark gap lead to lower EW generated in
micro milling EDM process. Since the moving electric
arcs during EDM milling can keep burning in the gap
without extinction, the pulse duration can be much
longer than that of conventional EDM, resulting in very
low EW in EDM milling [1].

For MRR, pulse off-time (P=63.04%), peak current
(P=25.36%) and pulse on-time (P=11.07%) all have a
significant effect on the micro milling EDM process. In
the case of a shorter pulse on-time, the MRR is greater
than in the case of a longer one [2]. With the increase in
peak current and the decrease in pulse on-time and pulse
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Table 2 Experimental results and S/N ratios for EW, MRR and WG in micro milling EDM of Inconel 718

Experiment Factor EW/(10 * mm*min™") (VY  MRR/A(10°*mm’min™") (N  WG/um (SINY/
No. A B C D El E2 dB Mi M2 dB 01 02 dB
1 1 1 1 1 2.71 243 —8.212 3.48 4.15 11.663 144 155 —-3.499
2 1 2 2 2 0.97 1.06 —0.138 1.11 1.35 0907 1.59 181 —4.627
3 1 3 3 3 0.59 0.52 5.097 0.48 0.45 -6.375 1.53 1.00 —2.228
4 2 1 2 3 1.39 1.17 —2.176 2.30 2.15 7235 141 262 —6.460
5 2 2 3 1 1.88 1.93 —5.599 0.73 0.78 -2.734 251 3.69 —9.982
6 2 3 1 2 1.67 1.83 —4.870 3.28 3.89 10.317 331 438 —11.780
7 31 3 2 1.96 1.70 —5.271 232 2.24 7.310 397 2.81 —10.730
8 3 2 1 3 2.10 1.93 —6.093 5.15 5.95 14.236 4.11 520 —13.420
9 3 3 2 1 2.76 2.14 —7.852 2.65 3.08 8.465 488 5.84 —14.620
Table 3 ANOVA results for EW, MRR and WG in micro milling EDM of Inconel 718
Factor Level 1 (i/e]:z/ldf Level 3 ]?:eger;(irzf Sum of square  Variance Contribution, P/% cofriltTirzti;n
A —1.084 —4.215 —6.405 2 42916 21.458 30.05
B -5.220 —3.943 —2.542 2 10.764 5.382 7.54
C —6.392 —3.389 -1.924 2 31.118 15.559 21.79 A1§:Z;D3
D —7.221 —3.426 —1.057 2 57.997 28.998 40.62
Total 8 142.78 100
A 2.065 4.939 10.004 2 96.933 48.466 25.36
B 8.736 4.136 4.136 2 42316 21.158 11.07
C 12.070 5.535 —0.600 2 240.950 120.470 63.04 AJ\ST{;DZ
D 5.798 6.178 5.032 2 2.045 1.023 0.53
Total 8 382.244 100
A -3.451 —9.408 -12.920 2 137.510 68.755 84.38
B —6.896 —9.342 —9.543 2 13.027 6.513 7.99
C —9.566 —8.568 —7.646 2 5.528 2.764 3.39 All\;\:(C};D3
D —9.366 —9.046 —7.369 2 6.905 3.452 4.24
Total 8 162.970 100

off-time, large amount of energy dissipated during a
certain period of time. This produced higher discharge
energy input into the discharge channel, resulting in high
MRR. Spark gap did not contribute significantly to the
increase of MRR in the micro milling EDM process. The
best combination to attain higher MRR is A;B,C,D, (that
is, peak current 1.5 A, pulse on-time 1 ps, pulse off-time
3 us and spark gap 45 V). However, decreasing the input
peak current caused the machining time to be increased
from the decrease of the removal rate. This led to slightly
intense tool wear [2]. For working gap, peak current
(P=84.38%) has a significant effect on the micro milling
EDM process. Generally, working gap is associated with
the development of high thermal stress exceeding the
ultimate tensile strength of the material, as well as with
plastic deformation. Working gap sizes increase with the

increase of the pulse energy. The best combination for
lower working gap is A;B,C;D; (that is, peak current 0.5
A, pulse on-time 1 ps, pulse off-time 25 ps and spark gap
60 V). An increase in pulse off-time and spark gap, and a
decrease in peak current and pulse on-time can obtain a
low working gap in the micro milling EDM process,
which is due to less input discharge energy. When the
peak current and pulse on-time increase, sparking or
electron bombardment from the side-wall of the tool
electrode of the affected area increases, leading to more
working gap [16]. However, the results of the optimum
combination, which was obtained using the Taguchi
method, were unable to select suitable process
parameters with a single performance characteristic in
the micro milling EDM of Inconel 718. In order to
acquire and optimize micro milling EDM process
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parameters for EW, MRR and WG, the analysis of
multiple performance characteristics is required. Table 4
shows the grey relational grade and its ranking for each
experiment. The higher grey relational grades represent
that the corresponding experimental result is closer to the
ideal normalized value. In other words, the larger the
grey relational grade is, the better the multiple
performance characteristics are. Since A;B3;C;D; has the
highest grey relational grade, as in Experiment 3, it has
the best multiple performance characteristics among all
experiments.

Table 4 Grey relational grades and their orders

Order
1 0.6089 3

0.6273
0.7778
0.5822
0.4337
0.4880
0.4565
0.5950
0.3889

Experiment No. Grey relational grade

O 0 N9 O W B~ W N
O A 9 O 0 o= N

Table 5 illustrates the results of the ANOVA for
multiple performance characteristics in the micro milling
EDM of Inconel 718. As shown in Table 5, peak current
(P=54.70%) and spark gap (P=42.64%) strongly affect
the multiple performance characteristics of the micro
milling EDM of Inconel 718, while the pulse on-time
and the pulse off-time are not significant. From Table 5,
the optimum conditions to obtain good multiple
performance characteristics in micro milling EDM of
Inconel 718 are A|B,C,Djs (that is, 0.5 A peak current, 3
ps pulse on-time, 3 ps pulse off-time and 60 V spark
gap). By combining the use of lower peak current and
higher spark gap, the multiple performance
characteristics can be improved due to lower discharge of
energy input. The comparisons of experimental results
using the initial (A;B;C;D3;) and optimal (A;B,C,Ds)
micro milling EDM parameters are shown in Table 6. As
shown in Table 6, the EW decreases from 5.6x10° to
5.2x10"° mm®/min, the MRR increases from 0.47x10®

to 1.68x10"® mm>/min, and the WG decreases from 1.27
to 1.19 pm.

It is revealed from Table 6 that the EW, MRR and
WG in the micro milling EDM process can be improved
by 7.1%, 257.4% and 6.3%, respectively, with the
selection of optimum conditions. Figures 1 and 2 show
SEM micrographs under the conditions of the initial and
optimal micro milling EDM parameters, respectively.
The initial and optimal micro milling EDMed surfaces
are uniformly dotted with circular discharge craters
obtained from micro milling EDM with moving electric
arcs. However, under optimal micro milling EDM
parameters, the machined surface is smoother than with
the initial micro milling EDM parameters. This result
indicates that the multiple performance characteristics of
micro milling EDM can be greatly improved by using the
Grey-Taguchi method.

Fig. 2 SEM micrograph on A;B,C D,

Table 5 Results of ANOVA for grey relational grades in micro milling EDM of Inconel 718

(S/N)/dB . o
Factor Degree of freedom Sum of square Variance Contribution, P/%
Level 1 Level2 Level3
A -3.514 —6.062 —6.508 2 15.655 7.828 54.70
B -5273 5272  —5.539 2 0.142 0.071 0.50
C -5.017 —5.651 —5.417 2 0.617 0.308 2.16
D —-6.590  —5.698  —3.797 2 12.207 6.103 42.64
Total 8 28.621 100
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Table 6 Confirmation test results for multiple performance
characteristics with initial and optimal process parameters

EwW/ MRR/ WG/
(107° mm*min™") (10°®* mm*min™") pm

Performance
characteristic

Initial process

parameter 5.6 0.47 1.27
A1B3C3D;

Optimal process
parameter 5.2 1.68 1.19
AB,CiD;
Absolute 7.1 2574 6.3

deviation/ %

6 Conclusions

1) The optimization of micro milling EDM
parameters with multiple performance characteristics
(low electrode wear, high material removal rate and
small working gap) for the machining of Inconel 718 was
carried out.

2) The optimum conditions for obtaining higher
multiple performance characteristics, such as A;B,C,D;,
(peak current 0.5 A, pulse on-time 3 ps, pulse off-time 3
us, and spark gap 60 V) were obtained.

3) Peak current and spark gap were the two
important factors to achieve optimum results.

4) A confirmation experiment was carried out with
the optimal levels of micro milling EDM process
parameters in order to demonstrate the effectiveness of
the Grey-Taguchi method. It seems that Grey-Taguchi
method is very suitable for solving the quality problem
of machining in the micro milling EDM of Inconel 718.
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