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Abstract
With the continuous improvement in manufacturing processes there is an amalgamation of digital technology with traditional
concepts. Electric discharge machining is one such example of it. The more industries digitalize it the more is the degree
of automation. In present experimental work ZNC Electrical Discharge Machine has been used to perform the experiments.
Total 18 experiments have been performed on Inconel 625 alloy as per the orthogonal array prepared by Minitab software.
Tool electrode, peak current, pulse on time (Ton) and pulse of time (Toff) are considered as input parameters. There were
two levels of tool and rest were assigned three levels. 9 experiments were conducted via copper tool without vibration and in
remaining 9 experiments vibration assisted copper tool was used. Vibration was given to tool with coin vibration motor which
was powered by battery. It was observed that when Toff was increased from 25 to 35 µs the surface roughness enhances by
23.23%. Also, it was found that circularity improves by 25.85% when Ton is raised from 140 to 160 µs. Surface roughness of
each drilled hole was measured using surface roughness tester and circularity was measured using Quick Image. The FESEM
and EDS has performed on the machined specimen to analyze the microstructure and chemical composition.

Keywords Surface roughness · Circularity · Inconel 625 alloy · Micro-EDM · Minitab

1 Introduction

The application of Inconel 625 is mainly in marine and
petroleum industries. It is also known as Nicrofer 6020. No
corrosion is observed if it deploys in steam line piping [1].
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It is used below 1200°F the annealing treatment is manda-
tory. With this treatment its tensile strength can go up to
880 MPa. It has the ability to preserve toughness and ductil-
ity at lower temperature. Machining of such alloy are difficult
by traditional methods [2]. Machining is done with the occur-
rence of multiple sparks. Dielectric liquid is present within
tool and job system that is in spark gap. With the machine
control button if it is semi-automatic tool is moved verti-
cally downwards. As the optimum distance is achieved the
buzzer creates sound. The parameters are edited based on
the requirement. Save, load, and enter buttons are pressed.
Then there is occurrence of spark and machining is carried
depending upon the machining time given to the machine.

Mausam et al. [3] carry out the investigation on carbon
fiber-based composite. When the pulse on time was raised
from 120 to 180 microseconds with current being constant it
was observed that material removal rate improves by 38%.
And tool wear rate increases by 3.5%. When the peak cur-
rent was increased from 1 to 5A in addition Ton increasing
from 120 to 180 microseconds the material elimination rate
becomes two-fold. Singh et al. [4] enhanced the performance
of EDM by using low frequency vibration setup. When
vibration was increased from 25 to 75 Hz in addition with
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peak current from 10 to 15 A the material removal rate was
increased by 10.7%. When current escalates from 5 to 20 A
the surface roughness expands by 22% and tool wear rate
becomes 4 times.

Teimouri et al. [5] investigated dry EDM process with the
help of back propagation neural network. ANN optimization
was used to predict the output performance with changes in
input parameter. By comparative analysis of predictive model
and experimental results it was concluded that artificial bee
algorithm can determine optimum points accurately. Goyal
et al. [6, 7] had conducted experiments with cryogenic treated
wire on aerospace material to test the machinability and sur-
face roughness. It was concluded that MRR expands with
increase in Ton. When pulse on time was increased from 10
to 12 µs surface roughness decreased from 2.78 to 1.93 µm.
Rajendra et al. [8] carried out investigation to analysis the
accuracy and quality of micro holes in vibration assisted
micro EDM. It was found that material elimination rate was
more sensitive to voltage and capacitance. MRR enhances
with increment in capacitance. Also, MRR first enhances
with boost in voltage and after attaining optimum threshold
it deteriorates again.

Teimouri et al. [9] modified the EDM machine with fur-
ther attaching rotary system and gas supply setup was also
incorporated. In rotary system the components were pulley
belt mechanism, electro motor, and inverter to produce var-
ious levels of rotary velocities. It was concluded that brass
tool’s material elimination rate was higher than Cu may be
due to lower electrical resistivity. Somashekhar et al. [10] per-
formed the research on the micromachining center utilizing
RC circuit. Objective was to optimize material elimination
rate utilizing ANN and genetic algorithm. Voltage, feed rate,
speed, and capacitance were used as the control factors. Feed
forward neural network was used along the way utilizing
back propagation algorithm. Neural network 4–6–6–1 very
accurately predicted the material elimination rate. It was so
accurate that avg prediction error for training was 0.8% and
for testing it was 3.9%.

Srivastava et al. [11] made use of cryogenically cooled
electrode which was ultrasonic vibration assisted with
kerosene oil as dielectric fluid. It was concluded that elec-
trode wear ratio and SR was significantly smaller in vibration
assisted EDM as compared to traditional EDM. While the
rate at which material elimination takes place was superior
in traditional EDM.

Zhang et al. [12] investigated micro EDM with multi
objective genetic algorithm and support vector machine to
optimize processing time and electrode wear ratio. Orthog-
onal test results were utilized as training and testing data
for SVM. It was observed that model was accurate. GA was
utilized based on non-dominated sorting. Unune et al. [13]
carried out their work on micro WEDM which was assisted
with low frequency vibration on nickel based super alloy. It

was evaluated that with vibration MRR improved very much
significantly. The effect of vibration was very less on kerf
widths. Kumar et al. [14] estimated the surface crack den-
sity and recast layer width in wire EDM. It was noticed that
as Ton increases the surface crack density rises superiorly.
When the value of peak current was increase from 120 to
200 A important impact on surface crack density was seen
that is increment by 40%. Huu et al. [15] performed multi
objective optimization on SKD61 steel machining with cop-
per as tool electrode. Authors developed vibration setup to
provide 128 to 512 Hz frequency. The quality indicators were
surface roughness, material elimination rate and tool ero-
sion rate. Taguchi in combination with TOPSIS, GRA and
MOORA optimization was established on ratio examination.
When peak current was increased from 3 to 8 A material
elimination rate enhanced from 3 to 7 mm3/min. Mohanty
et al. [16] investigated EDM with intelligent approach called
quantum behave particle swamp optimization. Their quality
indicators were radial overcut, material elimination rate and
tool erosion rate. When discharge current is increased from 3
to 7 A the MRR boosts from 11 to 22 mm3/min. With incre-
ment in discharge voltage and Ton, the MRR decreases. Endo
et al. [17] carried out experimental work on vibration assisted
micro EDM. Analysis was performed to measure the impact
of vibration on machining time and discharge stability. It was
declared that there is substantial decline in machining time
with vibration. Also, it was concluded that parallel vibration
takes longer machining time as compared to perpendicular
vibration. Rahul et al. [18] optimize the EDM parameter dur-
ing machining of Inconel 718. Principal component analysis
and quality loss concept was used for optimization. Author’s
optimum parameters were 11 A as peak current and 100 µs as
pulse on time for highest material elimination rate, minimum
surface roughness and least electrode tool wear.

Lee et al. [19] conducted experiments to analyze the effect
of low frequency vibrations on micro EDM drilling setup.
It was observed that metal cutting time was decreased by
60% at 60 Hz as compared to machining without vibration.
Whereas in reverse EDM it was reduced by 25% at same
input parameters. As the vibration amplitude raised from 2
to 8 µm the machining time was decreased. Kumar et al.
[20] evaluated the surface roughness, material elimination
rate and kerf width utilizing the genetic algorithm and grey
entropy fuzzy optimization in wire EDM in DC53 steel grade.
Pulse on time contributed the 53% for surface roughness and
peak current involvement was 17%. In the case of material
elimination rate the pulse on time involvement was 69% and
of pulse of time was 23%. Le et al. [21] carried out their
research in EDM and powder mixed EDM with and with-
out application of vibration. With vibration assisted setup in
EDM the rise in MRR was 35% at 600 Hz as compared to no
vibration and in case of vibration assisted setup in powder
mixed EDM the maximum increment in material elimination
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rate was 96% at 400 Hz compared to no vibration. Kumaran
et al. [22] carried out grey fuzzy optimization on carbon
fiber reinforced plastic composite with epoxy in ultrasonic
vibration assisted EDM. At 200 µs and 100 V the tool wear
rate was observed minimum, and it was 0.4*10–4 g/min. The
involvement of capacitance in deburring was 63% of pulse of
time was 29%. Nguyen et al. [23] experimented on low fre-
quency aided EDM to optimize MRR and surface roughness.
TOPSIS with Taguchi was incorporated for multi objective
optimization. It was found out that with low frequency it was
possible to improve the material elimination because one can
control the spark energy. The optimal parameters evaluated
using TOPSIS optimization were 86% accurate. Pandey et al.
[24] carried out the experimental work on Inconel 600 on
CNC wire EDM by L9 orthogonal array. The cryogenically
tool wire was used for experimental work. As the current
increases from 2 to 6 A and pulse on time from 50 to 100 µs
it was observed that overcut was raised.

Prihandana et al. [25] investigated by application of shaker
vibration to workpiece to make the hybrid EDM and the
shaker does not pass vibration to tool. The surface roughness
was best at 300 Hz in vibration assisted EDM at 0.75 µm
amplitude. And for 1 µm amplitude Ra was good at 400 Hz.
Goyal [26] performed ANOVA and SEM analysis on Inconel
625 wire EDM machining. Author designed the experiment
with Taguchi in Minitab software and L18 orthogonal array
was created. With increment in pulse on time from 105 to
125 µs the material elimination rate was improved from
4.7 to 7.4 mm3/min at 10 A peak current. With cryogenic
treated tool the MRR was better may be due to the abrasion.
And within rise in peak current the Ra deteriorates due to
larger surface layers erosion. Tsai et al. [27] research was
based on vibration assisted EDM to make groove in titanium
alloy with three different tool electrodes. The research find-
ings demonstrate the material elimination rate was improved
with vibration assisted setup which had voice coil motor
in it. At 90 Hz the discharge time duration was two times
less compared to unassisted EDM. Bhatt et al. [28] had con-
ducted experiments on stainless steel with wire cut EDM.
The experimental design was based on Taguchi and orthog-
onal array L27 was formulated using Minitab software. The
optimum parameter found out using grey relational analy-
sis were 112 µs pulse on time, 40 µs Toff, wire tension as
5 kgf, servo voltage being 24 V and optimized gap voltage
was 50 V.

Shitara et al. [29] carried out their experimental research
on panasonic micro EDM which had inbuilt RC pulse gen-
erator. The workpiece material was n-type 4H-SiC. It was
concluded that the machining was greatly diminished with
vibration assistance and at higher vibrational amplitude.

Kumawat et al. [30] machined the triangular profile on EN-
31 steel utilizing wire EDM. The observations suggest that
when current is heightened from 2 to 6A with Ton as 4 µs the

Fig. 1 Inconel 625 workpiece material used in experiments

material elimination rate improved from 25 to 29 mm3/min.
The optimized parameters determined were Ton & Toff as
4 µs, feed as 9 and current being 8A. Some investigations
also carried out to enhance the characteristics of EDM vari-
ant process [35–37]. Also, researchers put efforts to modify
the conventional EDM process with advance technology for
various industrial applications [38–40]. In the present work
comparative analysis of drilled hole with and without vibra-
tion assisted tool was performed. Machining was carried out
on Inconel 625 which can be seen in Fig. 1 with copper tool.
The composition of Inconel 625 is described below in Table
1.

2 Experiment details

The material vaporizing heat is generated in the EDM process
by spark generated between tool and work material. Ionized
dielectric fluid between tool and work carries electrons to
bombard on the work material leaving it vaporized in the form
of clouds. When clouds condensed and combined to form
debris are taken away by the dielectric flow. Dielectric fluid
plays very is important role in machining through EDM. Its
effectiveness depends on dielectric constant which represents
the electron holding capacity of the fluid and expressed as
ratio of its electric permeability to the electric permeability
of free space.

The present work, experiments has accomplished on ZNC-
EDM machine tool (Savita Machine Tool Pvt Ltd Pune). Four
parameters i.e., tool (normal and vibration assisted), peak
current, pulse on time, pulse off time were varied to identify
the effect on response parameters viz. surface roughness,
cylindricity, and circularity. The workpiece thickness, tool
diameter, and dielectric fluid were kept constant throughout
the experiment. The Table 2 shows the design of experiment
summary. The Inconel 625 (150 mm*50 mm*3 mm) is used
to perform the experiments. It has a varied applications and
enhances mechanical properties. The copper tool was used
for this research work. Table 3 is a description of control
factors used in the experiment and their different levels.
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Table 1 Chemical composition of Inconel 625

Ni Cr Fe Co Mo Nb Ti Al C Mn Si

58 20–23 5 1 8–10 3.2–4.2 0.4 0.4 0.1 0.5 0.5

Table 2 Design of experiment summary

Taguchi array L18(2ˆ1 3ˆ3)

Factors: 4

Runs: 18

First 9 experiments were made on normal die sink EDM
which is shown in Fig. 2i based on the orthogonal array that
was designed. Machining time was set to 2 min for each
observation. For the remaining 9 experiments the vibration
assisted tool system which is shown in Fig. 2ii. Coin vibra-
tion motor was affixed to cylindrical tool with the help of
double-sided tape. Motor was soldered to zero PCB which
was adhered to the tool. The power was supplied via 5 V
battery. The specifications of motor are such that the outer
diameter is 10 mm and thickness is 3 mm. The rated volt-
age is 1–6 V, current is 66 mA, output speed is 12000 rpm
frequency 12 kHz.

Fig. 3 Mitutoyo’s SURFTEST (SJ-210)

Surface roughness of the machined surface was mea-
sured utilizing Mitutoyo’s SURFTEST (SJ-210). Ra (rough-
ness average) readings were noted with the same instru-
ment. Figure 3 depicts the surface roughness tester utilized
for the measurement. S/N ratio can be categorized into
three domains, “smaller-is-better,” “larger-is-better,” and

Table 3 Control Factors and their
levels Symbol Control factors Units Level 1 Level 2 Level 3

Tool Tool electrode – Normal copper Vibration assisted copper –

Ip Peak current A 10 12 14

Ton Pulse on time µs 120 140 160

Toff Pulse off time µs 25 35 45

Fig. 2 (i) ZNC EDM Machine
Tool, (ii) Vibration coin motor
which is soldered to zero PCB is
affixed to the tool with double
side tape
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“nominal-is-better.” For surface roughness the S/N ratio uti-
lized is smaller-is-better.

S/N � −10 ∗ log
(
�

(
Yj

)
/n

)
) (1)

where Yj � numerical value of characteristic in jth observa-
tion and n � number of repetitions in a trial.

The circularity of the EDM drilled holes is using Mitutoyo
Quick Image at RS India industry. S/N ratio for circularity is
as follows.

S/N � −10 ∗ log
(
�

(
1/Y2

)
/n

)
(2)

2.1 Grey relational analysis (GRA)

It is utilized for finding the most optimal solution for give
arrangements of parameters and which parameter to opti-
mize. Initially there is a need to define the input variables
and response variables [31]. The further step in GRA opti-
mization is the normalization of response values on which
optimization to be carried out. The microsoft excel should
be utilized for doing calculations if there are large number
of experiments on which GRA to be applied [32]. First make
the column of response values [33]. Below the column make
two rows of maximum and minimum values which can be
inserted by using max and min formulae in the excel sheet.
For smaller the better characteristics the normalized value is
obtained by

Xi �
(

xmax − xi

xmax − xmin

)
(3)

Next step is to calculate the deviation sequence. Subtract
corresponding normalized value from 1 as it is the maximum
value.

� � (Xi )max− Xi (4)

Further there is a need to calculate the grey relational coef-
ficient. For that there is a requirement of delta max and min.

ζi (k) � �min + ζ�max

�i + ζ�max
(5)

The value of ζ is generally between 0 and 1. For the calcu-
lation purpose the value of ζ can be used as 0.5. Further step
is to calculate the grey relational grade. This is calculated by
average of grey relational coefficients.

γi � 1

n

∑
ζi (k) (6)

Based on grey relational grade these values are given rank.
Larger value of grade means observed value are nearby ideal
normalized values. Parameters corresponding to the highest
rank are the optimum solution [34].

3 Result and discussion

The measured values of surface roughness along with calcu-
lated values of signal to noise ratios(db) employing “smaller
is better” formula is obtained in Table 4. In the Fig. 4 there
exist diagrams of main effect plots for SN ratios on surface
roughness.

The experiment results demonstrate that better surface fin-
ish was obtained when utilizing copper tool without vibration
which is shown in Fig. 4. It is possible that with the aid of
vibration to the tool which was imparted by coin vibration
motor setup the material is removed in large quantity and
more layers are eroded. Due to this surface roughness may
have increased. With the increment in the pulse on time first
the surface roughness increases initially and then with further
rise in Ton the surface roughness improves that is decreases.
One possible reason can be that due to prolonged pulse on
timing the crater depth increases which causes the surface
roughness to increase. And further Toff also rises with Ton
so that crater depth is less, and fine surface finish is seen.

When pulse off time is less, the time provided for flushing
is less and debris are not eliminated properly so surface finish
is poor. Peak current rise causes the surface roughness to
increase because material is eliminated in bulk. In S/N ratio
analysis, higher SN ration indicates significant value of the
factor.

Interaction plot is read in a way such that straight graph
lines convey a message that no interaction so far has been
observed whereas any slope in the lines states that there is an
interaction within various input factors. It is seen from Fig. 5
that for surface roughness as an output the interaction among
tool, peak current, Ton and Toff is displayed.

Regression analysis is done to analyze how much each
parameter is contributing to the output and what effect the
input parameters have on output.

(7)

SR � −1.323 + 0.5192 Tool + 0.08658 Ip

+ 0.000000 Ton − 0.00001 Toff

With the help of signal to noise ratio graph that is dis-
played in Fig. 5 the optimum values of input parameters
corresponding to peak in main effect plot for S/N ratio on
surface roughness can be determined. This optimum com-
bination is Tool1-Ip1-Ton2-Toff 2 which can be found from
Table 5 where 1 and 2 being the levels.
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Table 4 L18(21*33) orthogonal
arrays and experimental results S. No Tool Ip Ton Toff SR (µm) S/N

1 1 10 120 25 0.062 24.152

2 1 10 140 35 0.004 47.959

3 1 10 160 45 0.119 18.489

4 1 12 120 25 0.293 10.663

5 1 12 140 35 0.235 12.579

6 1 12 160 45 0.177 15.041

7 1 14 120 35 0.350 9.119

8 1 14 140 45 0.466 6.632

9 1 14 160 25 0.408 7.787

10 2 10 120 45 0.523 5.630

11 2 10 140 25 0.639 3.890

12 2 10 160 35 0.581 4.716

13 2 12 120 35 0.696 3.148

14 2 12 140 45 0.812 1.809

15 2 12 160 25 0.754 2.453

16 2 14 120 45 0.985 0.131

17 2 14 140 25 0.927 0.658

18 2 14 160 35 0.870 1.210

Fig. 4 Main effect plot for S/N
ratio on surface roughness

Table 6 gives a detailed description of ANOVA table that is
analysis of variance for the surface roughness. With this table
the P values can be known for understanding the significant
parameters in machining of Inconel 625 work material. In
this table the input control factors whose P values are 0.05
or less than it is concluded as the statistically crucial for our
present study of work. Hence it is evident that tool is the
most significant parameter. And most significant parameter
after tool is peak current. This also had very much crucial

role in surface roughness obtained after machining the work
material. And the remaining parameters does not have that
much role to play in surface finish produced. The R-sq value
comes out to be 97% from Table 7.

Residual plots are employed to check whether data is
normal, does it possess non-random variation, does it have
minimum variance etc. so basically it evaluates goodness-
of-fit in analysis of variance and regression analysis. The
Fig. 6 shows the residuals are almost normally distributed.
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Fig. 5 Interaction plot for surface roughness

Table 5 Response table for S/N
ratios (SR) Level Tool Ip Ton Toff

1 16.936 17.473 8.807 8.267

2 2.627 7.615 12.254 13.122

3 – 4.256 8.283 7.955

Delta 14.308 13.217 3.972 5.166

Rank 1 2 4 3

Table 6 Analysis of Variance for
SR Source DF Adj SS Adj MS F-value P-value

Regression 4 1.57300 0.39325 127.37 0.000

Tool 1 1.21316 1.21316 392.93 0.000

Ip 1 0.35984 0.35984 116.55 0.000

Ton 1 0.00000 0.00000 0.00 1.000

Toff 1 0.00000 0.00000 0.00 0.996

Error 13 0.04014 0.00309

Total 17 1.61314

Table 7 Model Summary SR

S R-sq R-sq(adj) R-sq(pred)

0.0555652 97.51% 96.75% 95.14%

The Table 8 presents the measured results of the circular
holes.

It is evident from Fig. 7 that circularity was better when
no vibration was imparted to the tool, with the assistance
of low frequency vibration the chances of ovality decreases.
Because tool is vibrating due to eccentric rotating mass coin

123



International Journal on Interactive Design and Manufacturing (IJIDeM)

Fig. 6 Residual plots for surface roughness

Table 8 Results of circularity of
holes S. No Tool Ip Ton Toff CIR S/N

1 1 10 120 25 0.105 − 19.576

2 1 10 140 35 0.145 − 16.773

3 1 10 160 45 0.184 − 14.704

4 1 12 120 25 0.223 − 13.034

5 1 12 140 35 0.263 − 11.601

6 1 12 160 45 0.302 − 10.400

7 1 14 120 35 0.341 − 9.345

8 1 14 140 45 0.381 − 8.382

9 1 14 160 25 0.507 − 5.900

10 2 10 120 45 0.095 − 20.446

11 2 10 140 25 0.135 − 17.393

12 2 10 160 35 0.174 − 15.189

13 2 12 120 35 0.213 − 13.432

14 2 12 140 45 0.253 − 11.938

15 2 12 160 25 0.292 − 10.692

16 2 14 120 45 0.331 − 9.603

17 2 14 140 25 0.371 − 8.613

18 2 14 160 35 0.495 − 6.108
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Fig. 7 Main effects plot for SN
ratios on circularity

Table 9 Response Table for
Signal to Noise Ratios on
circularity

Level Tool Ip Ton Toff

1 − 12.190 − 17.347 − 14.239 − 12.535

2 − 12.602 − 11.849 − 12.450 − 12.075

3 − 7.992 − 10.499 − 12.579

Delta 0.411 9.355 3.741 0.504

Rank 4 1 2 3

shaped motor which causes uneven sparking and variable
inter electrode gap. At peak current of 14 A and pulse on
time of 160 µs the circularity is maximum as more material
is eroded uniformly in circumferential direction as compared
to 10 A.

With Table 9 it is clear that the optimum combination for
circularity is Tool1-Ip3-Ton3-Toff2 where 1, 2 and 3 are the
levels.

Also, in Fig. 8 is a description of interaction plot among
input factors for the circularity. It is analyzed in a way that if
there exist any parallel line it suggests no interaction and
non-parallel line represent there is an interaction among
parameters.

Regression equation

(8)

CIR � −0.8629− 0.0102 T + 0.06617 Ip

+ 0.002692 Ton − 0.000725 Toff

It can be concluded that every parameter has some con-
tribution in circularity calculation unlike surface roughness
which was independent of pulse on time.

Table 10 gives analysis of variance of circularity output
parameter. It has been observed from ANOVA table that peak
current and Ton are the significant parameters as their p value
is less than 0.05. The R-sq value comes out to be 97% from
Table 11.

Figure 9 is the graphical representation of residual plots
of circularity. It can be described that straight line is there in
normal probability plot. Residuals are randomly distributed
on either side of base line. Hence residuals are interdepen-
dent.

Table 12 gives a detailed description of GRA optimiza-
tion applied on surface roughness and circularity response
values. First data has been normalized in MS Excel. Further,
deviation sequence and grey relational coefficient has been
determined. Now critical step is grey relational grade which
is the average of all the grey relational coefficient correspond-
ing to given outputs. In the end rank has been determined.

The row 9 seems to be getting rank as one. Hence outputs
corresponding to the row 9 are the optimum which are surface
roughness as 0.408 µm and circularity as 0.507. And the
optimum input values corresponding to these outputs are Tool
be 1, Ip as 14 A, Ton is 160 µs and Toff is 25 µs.
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Fig. 8 Interaction plot for circularity

Table 10 Analysis of variance
for CIR Source DF Adj SS Adj MS F-value P-value

Regression 4 0.246023 0.061506 106.15 0.000

T 1 0.000470 0.000470 0.81 0.384

Ip 1 0.210145 0.210145 362.68 0.000

Ton 1 0.034776 0.034776 60.02 0.000

Toff 1 0.000631 0.000631 1.09 0.316

Error 13 0.007532 0.000579

Total 17 0.253555

Table 11 Model summary CIR
S R-sq (%) R-sq(adj) (%) R-sq(pred) (%)

0.0240712 97.03 96.12 93.80

3.1 Microstructure analysis

The drilled hole on EDM machine tool was observed using
Field Emission Scanning Electron Microscope. Four samples
were investigated two machined with normal copper tool and
two using vibration assisted Cu tool.

3.2 SEM analysis

After machining operation on Inconel 625 workpiece the four
samples of size 1 by 1 cm were cut from machined sample
out of 18-hole samples. These samples were cut using wire
EDM. It is observed the Inconel 625 job undergoes structure
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Fig. 9 Residual plots for circularity

Table 12 Multi objective optimization using grey relational analysis

S No SR CIR Normalized values Deviation sequence Grey relational
coefficient

GRG Rank

SR CIR SR CIR SR CIR

1 0.062 0.105 0.941 0.024 0.059 0.976 0.894 0.339 0.617 5

2 0.004 0.145 1.000 0.121 0.000 0.879 1.000 0.363 0.681 2

3 0.119 0.184 0.883 0.216 0.117 0.784 0.810 0.389 0.600 6

4 0.293 0.223 0.705 0.311 0.295 0.689 0.629 0.420 0.525 10

5 0.235 0.263 0.765 0.408 0.235 0.592 0.680 0.458 0.569 8

6 0.177 0.302 0.824 0.502 0.176 0.498 0.739 0.501 0.620 4

7 0.35 0.341 0.647 0.597 0.353 0.403 0.586 0.554 0.570 7

8 0.466 0.381 0.529 0.694 0.471 0.306 0.515 0.620 0.568 9

9 0.408 0.507 0.588 1.000 0.412 0.000 0.548 1.000 0.774 1

10 0.523 0.095 0.471 0.000 0.529 1.000 0.486 0.333 0.410 17

11 0.639 0.135 0.353 0.097 0.647 0.903 0.436 0.356 0.396 18

12 0.581 0.174 0.412 0.192 0.588 0.808 0.459 0.382 0.421 14

13 0.696 0.213 0.295 0.286 0.705 0.714 0.415 0.412 0.413 15

14 0.812 0.253 0.176 0.383 0.824 0.617 0.378 0.448 0.413 16

15 0.754 0.292 0.235 0.478 0.765 0.522 0.395 0.489 0.442 12

16 0.985 0.331 0.000 0.573 1.000 0.427 0.333 0.539 0.436 13

17 0.927 0.371 0.059 0.670 0.941 0.330 0.347 0.602 0.475 11

18 0.87 0.495 0.117 0.971 0.883 0.029 0.362 0.945 0.653 3
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Fig. 10 a SEM image of Exp no 1 b SEM image of Exp no 9 c SEM image of Exp no 10 d SEM image of Exp no 15

wise change on micro level. Figure 10a states SEM image of
experiment no 1 that is Tool 1, Ip 10 A, Ton 120 µs and Toff
25 µs at 100 µm with X 130. Here micro cracks and micro
craters are present.

Figure 10b represents the SEM image of experiment no 9
where Tool 1, Ip 14A, Ton 160 µs and Toff 25 µs have been
used. In both experiment 1 and 9 which is shown in Fig. 10a
and Fig. 10b respectively no vibration was present during
machining. In the Fig. 10b the droplets are clearly visible
due to high current and large pulse on time. It is called as
recast layer that is metal once removed in form of debris
during evaporation is settled back as cloud solidifies.

Figure 10c is the SEM photo of experiment no 10 having
Tool 2, Ip 10A, Ton 120 µs and Toff 45 µs. The lump of
debris and recast layer is visible in the SEM image. One
deep crater is also visible in this image. In this case vibration
assisted tool was used. This decreased the surface roughness
of machined surface relatively. Figure 10d is the SEM photo
of experiment no 15 having Tool 2, Ip 12A, Ton 160 µs and
Toff 25 µs. Deep craters are visible due to high pulse on time.

Due to presence of vibration on tool it is seen the recast layer
is formed.

3.3 EDS analysis

For the Exp 1 and Exp 9 the percentage of Cu deposition was
found to be 1.4% and 1.8% respectively. In Exp 9 percentage
of Cu, which is shown in Figs. 11a and 12, is higher because
due to high current recast layer is developed after condensa-
tion of vaporized cloud of debris. Hence it has been verified
that machining was done with copper tool.

For the exp 10 and exp 15 the percentage of Cu deposition
was found to be 1% and 1.4%. The percentage of Cu is found
to be less when machining was done with the help of vibration
assisted tool. It is because the vibration of tool generates
flushing effect due to which less amount of tool wear particles
is deposited.
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Fig. 11 a Chemical Composition of elements present after machining in exp. no. 9, b EDS analysis of sample generated in exp. No. 9 with kV: 20
and Resolution:(eV) 130

Fig. 12 a Chemical composition of elements after vibration assisted machining in exp. no. 10, b EDS analysis of sample generated in exp. no. 10
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4 Conclusion

The experiments have been performed by using the vibration
set up and normal Micro-EDM machining. After obtaining
the optimize result and material characterization results the
following conclusions has been made.

1. Surface roughness of machining specimen significantly
depends on nature of tool and peak current.

2. Pulse on time and peak current are the significant factors
affecting the circularity of the drilled hole.

3. Surface finish was good when no vibration was present
on tool.

4. Circularity improves by 145% when Toff was raised from
35 to 45 µs. But, with the vibration the circularity of hole
decreases.

5. GRA optimization technique used to find optimum val-
ues of surface roughness, as 0.408 µm and circularity as
0.507 linked with experiment number 9 of L18. Optimum
input values corresponding to these outputs are Tool be
1, Ip as 14 A, Ton is 160 µs and Toff is 25 µs. Com-
bination of these input value will deliver the minimum
surface roughness and maximum circularity.

6. In microstructure analysis it is found that less recast depo-
sition is found in vibration assisted EDM.

7. EDS analysis reveals that copper percentage is less with
vibration assisted EDM indicating effective flushing of
debris.
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