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Abstract: The objective of research is to study the influence of Process parameters and electrode shape configuration on
the Machining characteristics of die sinking EDM. The present work aims to study the effect of different electrode shapes
(Circular, rectangular and triangular) With constant cross sectional area of 280 mm? on material removal rate (MRR),
surface roughness (SR) and Electrode wear rate (EWR) for AISI 316 Stainless steel workpiece material and pure copper
As electrode material. Detailed analysis of structural features of machined surface is done by using Scanning Electron
Microscope (SEM) to understand the mode of heat affected zone (HAZ), recast layer thickness and micro cracks which
alternatively affects structure of machined workpiece and hence tool life. The optimization of the parameters of the EDM
machining will be carried out by using the taguchi’s method for design of experiments (DOE). The main objective of this
analysis is to identify the Optimum electrode shapes in terms of higher MRR, minimum EWR and excellent surface
characteristics. The optimum tool shape for higher MRR, lower EWR and excellent SR is circular, followed by
rectangular and Triangular cross sections.

Keywords: Design of experiments (DOE), Electrical discharge Machining (EDM), Electrode Shape Configuration,

Taguchi method, Parameter analysis, Signal to Noise Ratio (S/N).

INTRODUCTION

Die sinking electrical discharge machining (EDM)
is one of the most widely used techniques for the
fabrication of die and mold cavities which are finally
used for mass production of metals and polymer
products by replication such as die casting, injection
molding, etc. In any replication process, it is expected
that the quality mold will faithfully duplicate its shape
and surface texture. Inaccurate duplications cause
problems in assemblies, operations as well as lower the
aesthetic view. In die sinking EDM the electrode
produces exactly its opposite shape on the work
material. Electrical energy is used to generate electrical
sparks and material removal mainly occurs due to
localized melting and vaporization of material which is
carried away by the dielectric fluid flow between the
electrodes. The performance of this process is mainly
influenced by many electrical Parameters like, current,
voltage, polarity, and pulse on time, pulse of time,
electrode gap and also on non-electrical parameters like
work and tool material, dielectric fluid pressure. All
these electrical and non electrical parameters have a
significant effect on the EDM output parameters. In the
EDM process, material is removed from the workpiece

by generating high-frequency electrical sparks through
a thin dielectric layer between the electrode and the
workpiece surface. However, the gap between the
electrode and the work piece is very small (typically
5~100 um), and thus debris tends to accumulate in the
machining area. Unless this debris is efficiently
removed, it causes a breakdown of the insulating
properties of the dielectric layer and therefore induces a
secondary discharge phenomenon, i.e. multiple
electrical sparks within the same region of the machined
surface. The secondary discharge phenomenon leads to
a serious degradation of the surface roughness of the
machined component and must therefore be suppressed
by assigning suitable values to the EDM machining
parameters to maintain the gap size at its designated
value throughout the entire machining operation. In
present day‘s scenario, EDM is used as a standard
technique for manufacturing production tooling out of
hardened materials for production of dies and moulds.
Due to rapid tool wear involved; many electrodes are
often required for machining each cavity. Tool wear
affects machining accuracy and demand for frequent
tool replacement adding to around 50% of tooling cost.
Alternatively use of rapid tooling technique minimizes
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the electrode development lead-time and reduces the
tooling cost considerably.  Therefore, design,
development and manufacturing of EDM electrode play
a very vital role in EDM technology. A lot of published
EDM research work relates to parameter optimization
for a particular work tool interface or to determine best
tool material for a particular work material. Many
innovative electrode material and designs have also
been tried. The objective of this review paper is to
report and review the research work carried out by
researchers in the field of EDM electrode design and
manufacturing.

LITERATURE REVIEW

In this paper few selected research paper related to
Die-sinker EDM and the studies carried out in these
papers are mainly concerned with the different electrode
shape configuration and EDM input parameters such as
current, voltage, pulse on time, duty cycle, etc. and how
these affect the machining characteristics like MRR,
SR, TWR, HAZ, Recast layer thickness and Micro
Cracks etc.

D. Gurgui et al. [1] investigated Influence of the
Process Parameters to Manufacture Micro-cavities by
Electro Discharge Machining (EDM). In this research
the application of the conventional EDM process to
manufacture micro cavities with the objective to obtain
how the process parameters could effects on the result.
As a result the dimensions and shape of the micro-
cavities were analyzed. Finally the results provide
recommendations of operating conditions for better
micro-cavities manufacturing in stainless steel 316L.

T. Muthuramalingam et al. [2] has studied
the Application of Taguchi-grey multi responses
optimization on process parameters in electro erosion.
This multi response optimization of the electrical
discharge machining process has been conducted
with AISI 202 stainless steel with different tool
electrodes such as copper, brass and tungsten carbide.
Gap voltage, discharge current and duty factor have
been used as electrical excitation parameters with
different process levels. Taguchi L27 orthogonal
table has been assigned for conducting experiments
with the consideration of interactions among the input
electrical process parameters. Material removal rate,
electrode wear rate and surface roughness have been
selected as output parameters. From the experimental
results, it has been found that the electrical
conductivity of the tool electrode has the most
influencing nature on the machining characteristics in
EDM process.

M Manohar et al. [3] conducted experimental study
to assess the effect of electrode bottom profile while
machining Inconel 718 through EDM Process.
Electrodes used were of copper rods of 12mm diameter.
Experimental study was carried out to demonstrate that

electrodes of convex and concave bottom profile can be
used effectively for EDM of Inconel 718 material. From
the experimental results, it has been found that
Electrodes of convex bottom profile perform better than
flat or concave profiled electrodes in terms of lesser
recast-layer, better surface finish for plain surface
machining and closer geometry and MRR for hole
drilling. EWR is the least in the case of concave profile
electrodes, preceded by convex profile electrodes and
the flat profile electrode has the highest EWR.

Mohammadrezashabgard et al. [6] conducted
experimental investigation and 3D finite element
prediction of the white layer thickness, heat affected
zone and surface roughness in EDM process. The
experiments were carried out under the designed full
factorial procedure to validate the numerical result.
Inputs were pulse on time and pulsed current and
workpiece used AISI H13 tool steel. Final result shows
that the pulse on time leads to higher white layer
thickness, depth of heat affected zone and SR.

Rajmohan T et al. [9] conducted Optimization of
Machining  Parameters in  Electrical Discharge
Machining (EDM) of 304 Stainless Steel using copper
as a tool material. Input and output parameters were
Pulse on Time, Pulse off Time, Voltage, Current and
Material Removal Rate. Using taguchi’s L9 OA and
also using ANOVA technique. They finally concluded
that the current and pulse off time are the most
significant machining parameter for MRR in EDM of
304 Stainless Steel.

T. M. Chenthil Jegan et al. [10] has studied
Determination of Electro Discharge Machining
Parameters in AISI 202 Stainless Steel Using Grey
Relational Analysis. Input and output parameters were
Discharge Current, Pulse on Time, Pulse off Time and
Material Removal Rate, Surface Roughness. The result
shows that Discharge Current was the main parameter
affecting the MRR. Hence by properly adjusting the
control factors, work efficiency and product quality can
be increased.

M. S. Sohani et al. [13] studied Investigations into
the effect of tool shapes with size factor consideration
in sink electrical discharge machining (EDM) process.
He presents paper with the application of response
surface methodology (RSM) for investigating the effect
of tool shapes such as triangular, square, rectangular,
and circular with size factor consideration along with
other process parameters like discharge current, pulse
on-time, pulse off-time, and tool area. Also The RSM-
based mathematical models of material removal rate
(MRR) and tool wear rate (TWR) have been developed
using the data obtained through central composite
design. He finally concluded that the best tool shape for
higher MRR and lower TWR is circular, followed by
Triangular, rectangular, and square cross sections. From
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the parametric analysis, it is also observed that the
interaction effect of discharge current and pulse on-time
is highly significant on MRR and TWR, whereas the
main factors such as pulse off-time and tool area are
statistically significant on MRR and TWR.

MATERIALS AND METHODS

The pure copper with 99.96 % is used as a tool
material because of its higher MRR and less TWR and
yields a better surface finish. The pure copper tools with

constant cross sectional area of 280mm? and different
shapes like triangular, rectangular, and circular are used
to erode a stainless steel 316 workpiece. The tool
material is a pure electrolytic copper (99.9% Cu). The
physical and mechanical properties of electrolytic
copper are as follows: electrical resistivity—16.7nQm,
and thermal conductivity—393 W/m K.. Fig. 1 & 2
shows the photograph of the tools and workpiece used
for the experiments.

Dimension of
Tool:
14X20mm

Dimension of
Tool :

23%23%33mm

Fig. 2: Raw material pure copper (electrode shapes) as per required dimensions

Table 1: Properties of SS 316 workpiece material and pure copper electrode

Property SS 316 Copper
Composition C: 0.017, p:0.030, Cu:99.960, Fe:0.018,
(Wt %) Mg:1.240, Cr:16.540, | Sbh:0.002, Pb:0.000,

Ni:10.120, Si:0.440,
S:0.021, Mo0:2.100

Zn:0.002, P:0.001

Specific gravity (g/cm®) 7.99 8.96
Melting point (°C) 1385 1083
Hardness (HRB) 80 100

EXPERIMENT DETAILS

In the present investigation, the experiments were
performed in an “S25 Sparkonix” EDM machine. The
impulse flushing of kerosene (dielectric fluid) was

employed throughout the experimental investigations.
The schematic diagram of the experimental setup is
shown in Fig. 1.

449



Makwana AV et al., Sch. J. Eng. Tech., 2015; 3(4B):447-462

EDM control
stem

Filter,
pump
and
strainer

:"L-
Die electric
tank

Fig.3 Experimental Setup (525 Sparkonix EDM)

DESIGN OF EXPERIMENTS early 1920’s and then standardized by Dr. Genichi

A systematic approach to investigate a system or a Taguchi.
process, Introduced by R.A. Fisher in England in the

Table 2 FACTORS & THEIR LEVELS
FACTORS | LEVEL1 | LEVEL2 | LEVEL3

Current 10 15 20
Pulse on Time 6 8 7
Pulse off Time 5 7 6

Table 3 TAGUCHI’S L9 ORTHOGONAL ARRAY
SR NO. CURRENT | PULSE ON PULSE
(Amp.) TIME (us) OFF
TIME(us)

1 10 6 5

2 10 8 7

3 10 7 6

4 15 6 7

5 15 8 6

6 15 7 5

7 20 6 6

8 20 8 5

9 20 7 7

FINAL EXPERIMENTS AS PER DOE TABLE
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Fig.4 with Circular Tool

Fig.5 with Triangular Tool

Fig.6 with Rectangular Tool
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CALCULATION OF MRR (mm®/min) & EWR (gm/min)
Wi— WFf
p Xt

MRR =

EWR= TIi—Tf
t

Where,

W; =Weight of workpiece before machining (in gm.)
W= Weight of workpiece after machining (in gm.)
p = density of work piece material. (In gm/mm>)

t = time consumed for machining. (In minutes)

T =Weight of tool before machining (in gm.)

T = Weight of tool after machining (in gm.)

CALCULATION OF SR (um)

Fig.7 Surface Roughness Tester

RESPONSE MEASURES

Table.4 Measured MRR, EWR & SR

S|SH| 1 ][T]|T| MRR EWR | SR (um)
R | AP on | of | (mm¥mi | (gm/min)

N E F n)
0.

1 10| 6 5 | 44.826 0.001505 10.9022
2 10 | 8 7 48.532 0.000804 19.2010
3 10 | 7 6 31.398 0.001164 9.8011
4 O 15| 6 7 51.612 0.004197 12.2055
5 15| 8 6 71.592 0.004155 17.0260
6 15| 7 5 72.769 0.002857 23.7787
7 20| 6 6 75.926 0.006925 16.3809
8 20 | 8 5 91.615 0.006125 18.6624
9 20| 7 7 85.368 0.007463 21.4050
10 10| 6 5 29.991 0.003263 11.4422
11 10 | 8 7 30.594 0.001975 19.2414
12 10| 7 6 37.051 0.002867 10.1080
13 15| 6 7 54.891 0.005771 13.0221
14 15| 8 6 49.601 0.003840 17.7259
15 15| 7 5 56.105 0.003537 23.7922
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16 20 6 [ 6 | 66168 | 0.004780 | 16.8874
17 20| 8 | 5 | 68513 | 0.008403 | 18.7841
18 20 | 7 | 7 | 59513 | 0.005343 | 215472
19 10| 6 | 5 | 34672 | 0001843 | 114351
20 10| 8 | 7 | 29076 | 0.001549 | 19.2241
21 10| 7 | 6 | 38.305 | 0.003273 | 10.0102
22 15| 6 | 7 | 52830 | 0.005769 | 12.9151
23| |15| 8 | 6 | 66129 | 0.007092 | 17.5571
24 15| 7 | 5 | 70236 | 0.004944 | 23.6810
25 20 | 6 | 6 | 87.590 | 0.009331 | 16.8705
26 20 | 8 | 5 | 77.446 | 0.006711 | 18.6921
27 20 | 7 | 7 | 73.734 | 0.004178 | 214420

RESULT & DISCUSSION

In this chapter, the optimization of the parameters
of the EDM machining will be carried out by using the
taguchi’s method for design of experiments (DOE). The

FOR MRR

Table-5: Response Table for Signal to Noise Ratios for MRR, Larger is better

objective of the analysis is to identify the Optimum
electrode shapes in terms of higher MRR, minimum

EWR and excellent surface finish.

Level | Electrode | Current Pulse on Pulse off
shape time time

1 35.64 31.01 34.42 35.14

2 33.66 35.56 34.84 34.81

3 34.83 37.56 34.87 34.19

Delta 1.98 6.56 0.46 0.95

Rank 2 1 4 3

From Response table 5 for Signal to noise ratio
larger is better for MRR, it is seen that 1 rank is given
to current so current is most significant for MRR,
followed by electrode shapes and pulse on time, pulse

Mean of SN ratios

off time are less significant. In 1 Rank having 37.56 is
larger S/N ratio for level 3 so, l.e. 20 A is more

significant.

Main Effects Plot for SN ratios

Electrode Shapss.

9;"-::-.' G-nose (oogey IS S=tler

Fig.8: Main Effects Plot For SN Ratio for MRR

Data Means

Carrent

o
% |
b

o

Pulse on fime
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Main Effects Plot for Means
Data Means

Electrode Stapes Carrent Pulse oo time Puse off ime

L
e e S T
T

Fig.9: Main Effects Plot for Means for MRR

Interaction Plot for MRR (mm3 /min)
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Fig.10: Interaction Plot for MRR

FOR EWR
Table- 6: Response Table for Signal to Noise Ratios for EWR, Smaller is better

Level | Electrode shape | Current | Pulse on time | Pulse off time

1 50.34 54.70 47.57 48.46

2 47.79 46.89 48.98 47.60

3 47.35 43.89 48.93 49.43

Delta 2.99 10.81 141 1.83

Rank 2 1 4 3

From Response table 6 for Signal to noise ratio
Smaller is better for EWR, it is seen that 1 rank is given
to current so current is Most significant for EWR,
followed by electrode shapes and pulse on time, pulse

off time are less significant. In 1 Rank having 43.89 is
Smaller S/N ratio for level 3 so, l.e. 20 A is more
significant.
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Main Effects Plot for SN ratios
Data Means
Electrode Shapes Current Palse on teme Pulse off brme
[T
|
8 s
¥
&oas *
3 | A )
. \ .

g a1 e \ B *

“e

.

L
$ ; J 2 @ ¢vo ) * - .
C)od‘(j
+

Sgnst.tonooz Smatier 3 detter

Fig.11 Main Effects Plot For SN Ratio for EWR

Main Effects Plot for Means
Data Means
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Fig.12 Main Effects Plot For Means for EWR

Interaction Plot for EWR (gm/min)
Data Means
- 5 2 s 7 s [ 7
-8 . Siectrods Shapes

L
i

omdeguge | X [ S

i
BE
}

%

:
)
g \
i

<o e Current
= a PR | —— i
e B

I = - ame g 13
-- 2

o———‘\‘ v-—*\ o
EA e uss
Fo 8 2n tims
Pobzon e l.‘\ . —— &
" L ame: " *
» - 8

Fatecfitme

Fig.13 Interaction Plot for EWR
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FOR SR
Table 7 Response Table for Signal to Noise Ratios for SR, Smaller is better
Level | Electrode shape | Current | Pulse ontime | Pulse off time
1 -24.05 -22.23 -22.52 -24.66
2 -24.27 -24.81 -24.71 -23.09
3 -24.23 -25.51 -25.32 -24.80
Delta 0.22 3.29 2.79 1.71
Rank 4 1 2 3

From Response table for Signal to noise ratio
Smaller is better for SR, it is seen that 1 rank is given to
current so current is significant for SR, followed by

pulse on time And electrode shapes, pulse off time are
In 1 Rank having -25.51 is Smaller

less significant.

S/N ratio for level 3 so, i.e. 20 A is more significant.

Main Effects Plot for SN ratios
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Fig.14 Main Effects Plot For SN Ratio for SR
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ANALYSIS

Interaction Plot for SR (um)
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Fig.16 Interaction Plot For SR

OF HAZ, RECAST LAYER

THICKNESS & MICRO CRACKS

>

Scanning Electron Microscope (SEM) was used to
investigate the effect of machining parameters on
recast layer thickness, micro cracks and heat
affected zone on the machined surface.

Among the surface defects cracking is the most
significant since it leads to a reduction in the
fatigue and corrosion resistance of the material
especially under tensile loading condition.

Micro cracks for workpiece were revealed at high
magnification using SEM microscope.

»

Formation of recast layer is as a result of molten
materials that are not completely flush away by
dielectric fluid from the workpiece surface. These
molten materials solidify during cooling process
and deposited on the workpiece.

HAZ refers to the region of a workpiece that did
not melt during electrical discharge but has
experienced a phase transformation, similar to that
of heat treatment processes, after being subjected to
the high temperatures of electrical discharge.

AL : : - ’ ~'\-'.-
(For Rectangular: 1=20A, Ton=6Ws, Torr=6LIS)
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(For Trangular: 1=20A, TON:BQS, Torr=bSs)
Fig 17 SEM Photographs Showing Heat Affected Zone and Recast Layer for Different Electrode Shapes
(Circular, Rectangular and Triangular)

ANALYSIS OF RECAST LAYER THICKNESS AT
DIFFERENT MACHINING CONDITION

In EDM the Higher current and a higher pulse-on
time produces a spark with more energy, so melt more
materials from the workpiece and the tool. A higher
thickness of recast layer is found at a current of 20
Amp, Fig.18 (a) compared to that at a current of 15
Amp, Fig.18 (b) Similarly, thickness of the recast layer
was found to be at a higher pulse-on time, Fig 18 (c)

compared to that at a shorter pulse-on time, Fig 18 (d).
Hwa-Teng Lee et al., 2004 also stated that R and
average white layer thickness tend to increase at higher
values of pulse current and t,,. However, they found
that for extended pulse-on duration MRR, R and crack
density all decrease. Fig 18 (a, b, ¢, d) SEM
Photographs Showing Recast Layer Thickness at
Different Machining Condition.

X588  Soum 2088°24 19 SEI

(b). taverage 18.13 pm: Current = 15 Ap; Ton =7us; To=5

us
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4kl XoB8 SBmm @008 22 24 SEI

(d). taverage 12.53 pm: current= 10 Amp; Ton =6ps; Tex= Sus
Fig 18 Thickness of Recast Layer at Different Machining Condition

ANALYSIS OF MICRO CRACK the vertical direction, perpendicular to the analyzed
The appearances of micro cracks in the EDM surface.
process are usually recast layer sized and propagate in

= —
L

(For Rectangular: 1=20A, Tox=6Ls, Tor=6Ls)
Fig-19: Shows the appearance of micro cracks,
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Importance of identifying and understanding » Main effects plots for EWR shows that, the EWR
these final results made by SEM analysis and the increases linearly with applied current, and the
formation mechanisms of these metallurgical alterations EWR decreases with pulse on-time and then
on workpiece and electrode is important to analyze in increase with pulse off duration.
order to minimize their occurrence and provide a better » Main effects plots for SR shows that, the SR
quality for the EDM machined surfaces for better increases linearly with applied current, and the
production. pulse on-time and then decrease with pulse off

duration and then starts increasing with increase in

CONCLUSION pulse off time duration.

In this research the influence of electrode » The influence of the shape of electrodes on surface

shape, discharge current, pulse on time and pulse off roughness is found to be insignificant. However, a

time on MRR, EWR and SR are investigated. round shape electrode produces a smoother surface

Electrodes of Three different shapes of constant cross- followed by the triangular and rectangular shaped

sectional area of 280mm2 are used for Experiment. electrodes.

The MRR, EWR and surface roughness are measured » When current is increased, the crack length, crack

and analyzed. Further effect of different electrode widths are also increased due to the high

shapes has also been studied upon Surface Roughness temperature generation at high currents. Formation

(SR), Heat affected zone (HAZ), Recast Layer of micro cracks increases during EDM with a

Thickness and Micro Cracks of machined surface of higher current and higher pulse-on time.

the AISI 316 Stainless Steel. » Lower discharge current and lower pulse-on

duration should be used for a lower hardened

The Following conclusions can be made from surface and thinner heat affected zone HAZ but
this experimental research. reduces the material removal rate; consequently,

the machining time will increase.

» The main effects of current, pulse on time, pulse > A thicker layer of white layer is formed on the
off time are significant in MRR, SR and EWR, also machined work surface, with a higher current and
higher-order effect of pulse on time and current pulse-on time duration.
have significant contribution in MRR and EWR. » Cavities made by EDM die sinking may have

» The Optimum tool shape for higher material intricate shapes and it is difficult to achieve high
removal rate, lower electrode wear rate and lower accuracy at the sharp corner of the cavities. The
surface roughness is circular, followed by single irregular electrode contains  several
Triangular and rectangular cross sections of tools. geometries such as flat, round, square surface,

» Main effects plots for MRR shows that, the MRR pointed tip, etc. which removes materials with
increases linearly with applied current, also MRR different effectiveness. The present paper proposes
increases with pulse on-time duration and then to carefully select the EDM parameters for
starts decreasing with increase in pulse off time machining cavities with multiple and intricate
duration. shaped electrodes.

e  Optimum Values For MRR :

SR | SHAPE | Ton | Torr MRR
NO (A) | us) | (us) | (mm*min)
1 Circular 20 8 5 91.615

e  Optimum Values For EWR :

SR | SHAPE | Ton | Torr EWR
NO (A) | (s) | (Ms) | (gm/min)
1 Circular 10 8 7 0.000804

e Optimum Values For SR :

SR | SHAPE I Ton | Torr SR
NO (A) | (©s) | (bs) (Hm)
1 | Circular 10 7 6 9.8011
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