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Abstract: Electric discharge machining (EDM) is non-conventional machining processes that involves a transient spark
discharges through the fluid due to the potential difference between the electrode and the work piece. The aim of this project is
to determine the proper machining conditions for machining EN-19 and Nickel Plated EN-19 work pieces using electrical
discharge machining (EDM). Basically, improper choice of parameter in EDM machine may result a few problems like the
machine may cause of poor machining performance and it will decrease the accuracy of the products and incurs a lot of cost.
The aim of this project is to determine the optimal machining parameters for machining work pieces using electrical discharge
machining (EDM). Intensity of current, pulse on time and pulse of time were used as process parameters. This paper explores
the characteristic of electric discharge machine (EDM) that is tool wear rate (TWR) and material removal rate (MRR) by using
different workpiece materials namely En-19 and Nickel Plated En-19 alloy steel and copper as a tool material in order to
increase the understanding of EDM processes. To achieve this project objective, an experimentation was done where the
approach used was response surface methodology in which a well-designed experimental scheme named box behnken design
was used to reduce the total number of experiments into 15 for each workpiece material. A second order empirical model is
developed to predict the MRR and TWR. Finally ANOVA analysis is done to validate the model developed.

Keywords: EDM (Electric Discharge Machining), En-19, Nickel Plated En-19, MRR (Material Removal Rate),
TWR (Tool Wear Rate), ANOVA (Analysis of Variance), RSM (Response Surface Methodology)

colloquially also referred to as spark machining, die sinking
or wire erosion, is an electro-thermal non-traditional
machining process. Material is removed from the work piece
by a series of rapidly recurring current discharges between
two electrodes, separated by a dielectric liquid and subject to
an electric voltage. The thermal energy of the sparks leads to
intense heat conditions on the work piece causing melting
and vaporizing of the work piece material. Due to a high
temperature of the sparks, not only work material is melted
and vaporized, but the electrode material is also melted and
vaporized, which is known as tool wear [2].

As shown in the figure 1 there is the gap between tool and
work piece material, in which there is increase in the
intensity of the electric field in the volume between the
electrodes. At a certain gap the intensity of electric field
becomes greater than the strength of the dielectric (at least in
some point (s)), which breaks, allowing current to flow
between the two electrodes. This current flow creates spark

1. Introduction

Rapid technological advancements in the area of new
materials and alloys with ever-increasing properties like
strength, hardness, heat resistance, toughness and wear
resistance have created many obstacles during machining of
these materials by conventional machining process. So
another choice of machining these materials has been into
use known as non- conventional machining. These non-
conventional machining processes may come into the
equation for many reasons, the main are machinability, work
piece shape, complexity, surface integrity and precision
requirement. These processes are so called as they use new
forms of energy and tools. Out of various non-conventional
techniques of machining one most popular technique is
Electric Discharge Machining (EDM) came into practice [1].

Electric Discharge Machining (EDM), sometimes
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and due to which heat is generated. This thermal energy
generates a channel of plasma between the cathode and
anode at a temperature in the range of 8000 to 12,000°C or as
high as 20,000°C initialising a substantial amount of heating
and melting of material at the surface of each pole. When the
pulsating direct current supply occurring at the rate of
approximately 20,000-30,000 Hz is turned off, the plasma
channel breaks down. This causes a sudden reduction in the
temperature allowing the circulating dielectric fluid to
implore the plasma channel and flush the molten material
from the pole surfaces in the form of microscopic debris [3].

. Combination of vertical, orbital
- and eccentric motions

Yiele: .
- Diclectric.

)\'urkpicu‘

Filter
DC power

Pump 4
supply .

Fixture

Fig. 1. Schematic Diagram of EDM. [4].

2. Literature Review

Shabgard et al. [2] investigated on the influence of
Electrical Discharge Machining (EDM) input parameters on
the characteristics of the EDM process. They studied process
characteristics included machining features, embracing
material removal rate, tool wear ratio, and arithmetical mean
roughness of AISI HI13 tool steel as workpiece. The
experiments performed under the designed full factorial
procedure, and the considered EDM input parameters included
pulse on-time and pulse current. The increase in pulse on-time
led to the increase in the material removal rate, surface
roughness. The increase in pulse current led to the sharp
increase in the material removal rate and surface roughness.
The tool wear ratio decreased by the increase of pulse on-time,
and increased by the increase in the pulse current.

Rehman et al. [5] presented the experimental investigation
of the machining characteristics of austenitic stainless steel
304 through electric discharge machining. The effectiveness
of the EDM process with stainless steel was evaluated in
terms of the removal rate (MRR), the Tool Wear Rate
(TWR.) and the surface roughness of the work-piece
produced. The TWR increases with peak ampere until 150
microsec pulse-on time. From the experimental results no
tool wear condition is noted for copper electrode at long
pulse-on time with reverse polarity. The optimal pulse-on
time is changed with high ampere.

P Janmanee et al. [6] evaluated the performance of
different electrode materials like graphite, copper-graphite
and copper-tungsten in EDM of tungsten carbide. The
important parameters were discharge current, pulse on time,
pulse off time, open-circuit voltage and electrode polarity.
Their investigation concluded that MRR increases with the

discharge current intensity and graphite electrode gives the
most MRR but it gives high electrode wear ratio.

S. L. Chen et al. [7] studied about various parameters of
EDM like electrode material, pulse duration, discharge
current and polarity using two materials namely silicon
carbide and tungsten carbide as work piece and copper and
copper tungsten as a tool material. They concluded that MRR
is directly proportional to current and pulse duration,
Electrode wear increased up to 80 ps then started decreasing
with increase in pulse duration. They came into conclusion
that Copper is better than copper tungsten as an electrode
material due to homogeneous wear ratio.

2.1. Objective of the Present Work

The objective of the present work is summarized below-

* Selection of process variables viz. Intensity of current,
Pulse-on-time & Pulse-off-time in Die-Sink-EDM for
machining of En-19 alloy steel and Nickel Plated En-
19.

* To investigate the Effect of tool electrode Cu on MRR
and TWR.

* To develop an empirical model for Intensity of current,
Pulse-on-time & Pulse-off-time for machining of En-19
alloy steel using response surface method

* To verify the lack of fit of the proposed model using
analysis of variance (ANOVA).

2.2. Scope of the Project

There is a widespread scope for project with the machining
parameters like current, pulse on time and pulse off time.

* The work piece material used for study is En-19 and
nickel plated En-19 alloy steel.

* EDM die sinking type machine is used to carry out the
experimentation work.

* The tool electrodes used is Copper.

* Commercial grade EDM oil is used as a dielectric
medium.

* The effect MRR and TWR are investigated.

3. Materials and Methodology
3.1. Tool Material

In this experiment copper having 7 mm. machining diameter
was used as a tool electrode. The important factors in selecting
copper is its high stock metal removal, stability under sparking
condition, wear comparability with graphite, it yields a finer
surface finish, easy obtainability, consistency in quality and low
in cost. Copper has melting point which is only about 1100°C.

3.2. Workpiece Material

The workpiece material chosen was En-19 and Nickel
Plated En-19. EN19 offers good ductility and shock resisting
properties combined with resistance to wear. With these
characteristics it is a popular high tensile engineering steel
with a tensile of 850/1000 N/mm®. At low temperatures
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EN19 has reasonably good impact properties.
3.3. Methodology

Response surface methodology (RSM) is used which is a
collection of mathematical and statistical techniques that are
useful for modeling and analysis of problems in which output
or response is influenced by several variables. It is used to
develop the relationship between a response of interest, y,
and a number of associated control (or input) variables
denoted by x1, x2,...., xk.

Suppose X; and X, are the factors or parameters of interest
of the process and ‘Y;’ is the maximum yield of the process
then the yield is a function of levels of X; and X, i.e.

Y=t (X, Xo) + ¢ Q)

where ‘e;’ represents the noise or error observed in the
response Y; If we denote the expected response by

E (Yy)=f (Xj, X5)=n ()
Then the surface represented by

n=f (X1, X3) 3)

is called response surface.

If there is curvature in the system, then a polynomial of
higher degree must be used, such as the second-order model
given in equation 4

Yo = Bo + Xiy Bixi + Xisq Bux; x; + YisjuBixix; +e; (4)

Box-Behnken design is a response surface methodology
(RSM) design that requires only three levels to run an
experiment. It is a special 3-level design because it does not
contain any points at the vertices of the experiment region.
This could be advantageous when the points on the corners of
the cube represent level combinations that are prohibitively
expensive or impossible to test because of physical process
constraints [27].

3.4. Design Matrix

In this study, three machining parameters were selected as
control factors and each parameter was designed to have
three levels denoted by 1, 2 and 3 respectively. The
experiments are planned using BBD in the design of
experiments (DOE), which helps in reducing the number of
experiments. The total 15 experimental runs were conducted
with each tool on the workpiece and results of MRR and
TWR was calculated. The process variables with their units
and notations are shown in the Table 1 below.

Table 1. Parameters and Levels.

The experimentation was conducted using EDM, model

SAVITA 4631 (Die sinking type) having following
specifications.
Table 2. Machine Specifications.

S.N. TYPES Unit 46311

1 Work tank dimensions mm’ 600%370%250
2 Table size mm’ 350%200

3 X-Axis Travel mm 200

4 Y-Axis Travel mm 120

5 Z-Axis Travel mm 150

6 Maximum Job Height mm 140

7 Maximum Electrode Weight kg 50

8 Maximum Job Weight kg. 150

9 Dielectric Tank Capacity Lt. 100

10 Machine Weight kg 450

11 Gross weight kg 600

12 Day Light mm 410

13 Throat mm 250

14 Overall Dimensions m’ 0.8%0.8*1.8

MACHINING UNI RANGE AND LEVELS
PARAMETER T -1 0 +1
Pulse on time us 10 40 70
Pulse off time us 2 4 6
Current A 5 10 15

3.5. Machine Used

4. Experimentation
4.1. Experimental Procedure

1) Experiment was conducted with negative polarity of
electrode. The electrode copper was taken. The
diameter of electrode is measured with a micrometer. It
was made sure its dimension is according to
specification.

2) An initial mass is measured with precision balance.
The electrode mass value and the work piece mass
value were jotted.

3) The work material En-19 was mounted on the T-slot
table and positioned at the desired place and clamped.
The electrode was clamped on the tool holder, and its
alignment was checked.

4) The parameters of the experiment were set regarding
Table (1)

5) The time was set as 7 minutes for the machining of all
work materials. Finally, switches ‘ON’ for operating
the desire discharge current values.

6) After machining operation, the electrode was taken out
and weighed again on weighing balance. Also the mass
value of work piece was taken after machining.

7) The same experiment was repeated with Nickel Plated
En-19 workpiece. This experiment is done 15 times for
each workpiece. The data was fed to the MINITAB
where calculation and analysis of results is done.

4.2. MRR and TWR Evaluation

The material MRR has been calculated by taking the
difference between the weight of the work piece before and
after machining to the machining time.

Wb-Wa
t

MRR=

)

Where,
* Wb=Weight of work piece before machining in gm
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* Wa=Weight of work piece after machining in gm

¢ t=Machining time in minutes

TWR is calculated in the same fashion by taking the
difference of weight of the tool before and after machining to
the machining time.

TWR*Wbt;Wat 6)
Where,
* Wbt=Weight of the tool before machining in gm.
* Wat=Weight of the tool after machining in gm.

* t=Machining time in minutes

5. Results and Discussion

For interpreting the significant effect of the parameters, a
statistical software program called MINITAB version 16 has
been used. The experimental results from the tables were
analyzed using ANOVA, which is used for identifying the
factors significantly affecting the performance measures. The
analysis was carried out for the significance level of a=0.1
i.e. for a confidence level of 90%. The sources with the p
value less than 0.1 are considered to have a statistically
significant.

a) Results of MRR for En-19

Table 3. Estimated Regression Coefficients for MRR.

Terms Coeff. SE Coeff. T test P value
C -0.057434 0.152702 -0.376 0.722
I 0.036797 0.018193 2.023 0.099 *
Tem -0.000859 0.002512 -0.342 0.746
Toit -0.032453 0.045483 -0.714 0.507
I*1 -0.001527 0.000779 -1.959 0.107 *
M Ml -00000027 0.000022 -1.244 0.269
Tost *Tot 0.001461 0.004871 0.300 0.776
M 0.000194 0.000125 1.558 0.180
*To -0.000529 0.001872 -0.283 0.789
ﬁ*Tog 0.000887 0.000312 2.843 0.036 *

$=0.0374411 R-Sq=93.32% R-Sq (pred)=0.00% R-Sq (adj)=81.28%

From the ANOVA Table (3) above, again, small P values for
model terms indicate that their contribution is significant to the
model. Table shows that, the main effect of current is significant.
However, it shall not be interpreted as pulse off-time and pulse
off time do not have any effect on the MRR. Rather it shall be
interpreted as pulse off-time and pulse off time has less
significance on the response variable for our experimental and
confidence level. The quadratic terms current*current and
interaction terms pulse on time*pulse off time contributed
significantly to the TWR at 90 % confidence level.

Thus, the final model correlating MRR with machining
parameters is found as follows:

MRR = —0.057434 4+ 0.036797 * I — 0.001527 = I« I +
0.000887 * Ton * Toff (7

Further from table, the R? value of 93.32% indicates that, the
variation in the response can be predicted 93 % correctly by
using the above model developed for 90 % confidence interval.

Main Effects Plot for MRR in gm/min
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Fig. 2. Main effect plot of MRR for En-19.

The graph shown in figure 2 shows that MRR increasing
proportionately with the intensity of the current. It is found
that, at the current of 15 A, MRR is found to be the highest
than the rest of 2 levels. This increase of MRR with current is
due to the fact that an increase in discharge current increases
the pulse energy which results in increase in the rate of
melting and evaporation [§].

The graph reveals that on increasing the pulse on time,
MRR goes on increasing. This event is due to the increase of
the discharge energy of the plasma channel as well as the
increase in the period of transferring of this energy into the
electrodes resulting in the formation of a bigger molten
material crater on the workpiece resulting higher MRR [2].

It is also evident that on increasing the pulse off time,
MRR goes on increasing. It is because of correct flushing of
the debris with sufficient pulse off time duration; which
would otherwise make the spark contaminated and unstable,
thus decreasing MRR [8].

b) Results of TWR for En-19

Table 4. Estimated Regression Coefficients for TWR.

Terms Coeff. SE Coeff. T test P value
C -0.052201 0.032400 -1.611 0.168
1 0.010781 0.003860 2.793 0.038 *
1 0.000191 0.000533 0.359 0.734
Tosr 0.007472 0.009650 0.774 0.474
I*1 -0.000228 0.000165 -1.380 0.226
e e -0.000006 0.000005 -1.363 0.231
Toft *Tofr -1.000248 0.001034 -0.240 0.820
I*To, 0.000020 0.000026 0.748 0.488
*Tog -0.001258 0.000397 -3.168 0.025 *
ﬁ*Tog 0.000046 0.000066 0.692 0.520

$=0.00794412 R-Sq=89.27% R-Sq (pred)=0.00% R-Sq (adj)=69.95%

The main effects of Current can be deduced as having
significant effect and interaction effect of “Current* Pulse off
time” as second significant effect as per the table. Thus, the
final model correlating Tool Wear Rate with machining
parameters is found as follows:

TWR = —0.052201 + 0.010781 I — 0.001258 I * Toff (8)

Here process control variables are un-coded values.
Further, from Table, it is evident that the model is adequate at
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90% confidence level. The effectiveness of the model is
checked by using the ‘R*’ value i.e. 0.89 near to 1 and hence
the model is found to be effective. The validity of the model
is reconsidered with the adjusted correlation coefficient i.e.
‘R* (adj.)’value=0.699, which is a measure of the variability
of the observed output and can be explained by the factors
along their factor interactions. Further to prove again the
model to be considered adequate, the p-value has to be
smaller than 0.10 at the 90% confidence interval.

Main Effects Plot for TWR in gm/min
Data Mears
Cument Pulse on time
0.025
0.020 | T
0.015 el e
0.010 { /' r/
0.005 /
c <
E 5 10 15 10 40 70
Pulse off time
0.025 q O
0.020
0.015
0.010 4 \‘
0.005
T T T
2 4 [

Fig. 3. Main effect plot of TWR for En-19.

The graph in figure 3 shows that at the current of 5 A,
TWR is found to be minimum. The reason is that, at low
current a small quantity of heat is generated but by the
increase in pulse current a substantial quantity of heat will be
transferred into the electrodes. Furthermore as the pulse
current increases, the discharge strikes the surface of the
electrode more intensely and creates an impact force on the
molten material in the crater and causes more molten
material to be ejected out of the electrode [2].

The graph reveals that on increasing the pulse on time,
TWR increases half the way and goes on decreasing.
Moreover longer pulse on time can provide enough time for
heavier positive ions attacking the cathode workpiece and
hence removing more material from the work than the tool [9].

It is also evident that on increasing the pulse off time,
TWR goes on decreasing. This is due to the fact that the
long pulse duration provides decrease in temperature on the
surface of electrode causes less wear on the electrode [10].

¢) Results of MRR with Nickel Plated En-19

Table 5. Estimated Regression Coefficients for MRR.

The main effects of “Pulse on time” can be deduced as
having significant effect as per the table. Thus, the final
model correlating Material Removal Rate with machining
parameters is found as follows:

MRR = —0.249757 + 0.004410 * Ton — 0.001283
* [« ] —0.000064 * Ton * Ton — 0.007859
*Toff *Toff +0.000291 * [ * Ton )

Further from Table (5), the R? value of 95.96 % indicates
that, the variation in the response can be predicted 93 %
correctly by using the above model developed for 90 %
confidence interval.
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Fig. 4. Main effect plot of MRR for Nickel Plated En-19.

The graph in figure 4 shows that MRR increase
proportionately with the current. It is found that, at the current of
15 A, MRR is found to be the highest than the rest of 2 levels.

The graph reveals that on increasing the pulse on time,
MRR goes on increasing. This event is due to the increase in
the period of transferring of the discharge energy into the
electrodes resulting in the formation of a bigger molten
material crater on the workpiece resulting higher MRR.

It is also evident that on increasing the pulse off time,
MRR goes on increasing. It is because of correct flushing of
the debris with sufficient pulse off time duration; which
would otherwise make the spark contaminated and unstable,
thus decreasing MRR [7].

d) Results of TWR with Nickel Plated En-19

Table 6. Estimated Regression Coefficients for TWR.

Terms Coeff. SE Coeff. T test P value
C -0.249757 0.125534 -1.990 0.103
I 0.028567 0.014956 1.910 0.114
Ton 0.004410 0.002065 2.136 0.086*
Toit 0.056485 0.037391 1.511 0.191
I*1 -0.001283 0.000641 -2.003 0.102*
Ton *Ton -0.000064 0.000018 -3.597 0.016*
Tott *Tor -0.007859 0.004005 -1.962 0.107*
g 0.000291 0.000103 2.840 0.036*
T*Togr 0.000696 0.001539 0.453 0.670
ﬁ*T(,fr -0.000068 0.000256 -0.265 0.802

$=0.0307798 R-Sq=95.96% R-Sq (pred)=36.14% R-Sq (adj)=88.69%

Terms Coeff. SE Coeff. T test P value
C 0.183414 0.108197 1.695 0.151
1 -0.027748 0.012891 -2.153 0.084 *
Ton -0.002643 0.001780 -1.485 0.198
Tot -0.011775 0.032227 -0.365 0.730
I*1 0.001252 0.000552 2.267 0.073 *
Ton *Ton 0.000033 0.000015 2.179 0..081*
Tort *Tofr 0.000871 0.003452 0.252 0.811
[Ty 0.000143 0.000088 1.613 0.168
*To 0.000930 0.001326 0.701 0.514
ﬁ*Toﬁ -0.000137 0.000221 -0.619 0.563

S=0.0265290 R-Sq=87.18% R-Sq (pred)=0.00% R-Sq (adj)=64.09%
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From the ANOVA Table (6) above, again, small P values
for model terms indicate that their contribution is significant
to the model. Table shows that, the main effect of current is
significant. However, it shall not be interpreted as pulse on
time and pulse off-time do not have any effect on the TWR.
Rather it shall be interpreted as they have less significance on
the response variable for our experimental and confidence
level. Thus, the final model correlating TWR with machining
parameters is found as follows:

TWR=0.183414-.027748*1+0.001252*I*I+0.000033*Ton*Ton (10)

Further from Table (6), the ‘R* value of 87.18% indicates
that, the variation in the response can be predicted 87 %
correctly by using the above model developed for 90 %
confidence interval.

The graph in figure 5 shows that at the current of 5 A,
TWR is found to be minimum. The reason is that, at low
current a small quantity of heat is generated but by the
increase in pulse current a substantial quantity of heat will be
transferred into the electrodes. Furthermore as the pulse
current increases, the discharge strikes the surface of the
electrode more intensely and creates an impact force on the
molten material in the crater and causes more molten
material to be ejected out of the electrode [2].

Main Effects Plot for TWRin gm/min
Data Means
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Fig. 5. Main effect plot of MRR for En-19.

Thus the individual effect of current was significant in
TWR empirical response models for En-19 workpiece as well
as Nickel Plated En-19 workpiece. In MRR empirical
response models, the individual effect of current have the
significant contributions in MRR empirical response models
for En-19 workpiece while pulse on time was seen to have
the significant contributions in TWR with Nickel Plated En-
19 workpiece.

6. Conclusion

Summarizing the main features the following conclusions

can be drawn.
(1) The predicted machining performance values match
the experimental values reasonably well; with R* of

93.32 and 89.27% respectively for MRR and TWR
with En-19 workpiece and 95.96% and 87.18%
respectively for the MRR and TWR with Nickel Plated
En-19 workpiece.

(2) It has been observed that MRR as well as TWR goes
on increasing with the current.

(3) It was observed that MRR goes on increasing with
pulse on time for both workpiece and while TWR goes
on increasing with pulse on time till halfway and goes
on decreasing for both workpiece.

(4) It has also been seen that MRR goes on increasing
with pulse off time while TWR kept on decreasing
with pulse off time.
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