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Abstract: The effect of electrical discharge machining (EDM) die-sinking parameters on material removal rate
(MRR) of Beryllium Copper (BeCu) was studied. EDM die-sinking is one of the important non-traditional
machining processes and it is widely accepted as a standard machining process in the manufacturing of forming
tools to produce mould and die. The appropriate parameters were selected to study the influence of
operating parameters of BeCu on MRR. Electrolytic copper was selected as electrode with positive polarity.
The experiment was done using SODICK AQ35L EDM machine. Two level approach of full factorial design of
experiment was applied to design the experimental and the data was analyzed by using analysis of variance
(ANOVA) and the optimal combinations of the process parameters were predicted. It is found that peak current
was the most significant factor affecting the MRR. Further, pulse on time and pulse off time must be combined
with other factors in order to influence the machining characteristics. Finally, machine voltage shows less
significant factor for the EDM die-sinking process on BeCu.
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INTRODUCTION

Electrical Discharge Machining (EDM) die-sinking is
one of the most popular non-traditional material removal
processes and has become a basic machining method for
the manufacturing industries especially in mould and die
making [1-7]. Machining at critical area such as machining
at deep slot, micro hole and pocketing having sharp edge,
EDM die-sinking is the most preferred method rather than
using conventional machining [8-12].

It was known that Beryllium Copper (BeCu) is used in
mould and die making for its high strength as well as good
electrical and thermal conductivity. According report by
Sagar [13], BeCu alloys usually used as an insert in mould
to remove heat from the plastic as quickly as possible.
The faster the mould can transfer heat out of the molten
plastic and solidify it, the faster the mould can be run.
It will reduce the cycle time that equates to reduced

manufacturing cost. Since BeCu has a great function in
mould making, the best combination of machine
parameters should be studied to produce an optimum
result on the EDM die-sinking machining process.

It was noticed that various EDM die-sinking
machining parameters influence material characteristics
such as material removal rate, electrode wear rate and
surface roughness. The setting possible combination of
those parameters was difficult to produce optimum
surface quality [14-17]. Therefore, a comprehensive study
using design of experiment (DOE) of the effect of EDM
die-sinking parameters such as peak current, machine
voltage, pulse duration and interval time on the machining
characteristic is greatly significant and could be necessity
[18-23].

In this study, the effect of machining parameters
on machining characteristics, i.e., material removal rate
of BeCu alloys in EDM die-sinking was studied.
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Table 1: Experimental parameters setting for EDM die-sinking

Parameter Level
Factor Low (-1) High (+1)
A Peak Current (A) 5 30
B Machine Voltage (V) 10 45
C Pulse On Time (pus) 5 200
D Pulse Off Time (ps) 10 300

Further, the design of experiment using Full Factorial was
used to investigate the influence of EDM die-sinking
parameters on machining characteristic of BeCu.

Experimental Set-Up: BeCu was used as a workpiece
material for this study and electrolytic copper with size
12 mm (width) x 12 mm (length) x 32 mm (height) was
selected as electrode. Bridge Port milling machine with
maximum speed 4200 rpm was used to prepare the
electrode and workpiece samples. The size of BeCu
workpiece was 50 mm (width) x 50 mm (length) x 5 mm
(height). SODICK AQ35L EDM machine was selected to
perform the machining and peak current, machine voltage,
pulse on time and pulse off time were selected as the
parameters set-up. Kerosene oil was used as dielectric
fluid while machining characteristics to be investigated
were material removal rate (MRR) and surface appearance.
Mitutoyo weighing scale was used to get the weight of
workpiece for calculation of MRR. Further, surface crater
was captured by Mitutoyo digital imaging microscope.

Table 2: Experimental data collection of MRR

With the help of design expert software to analyze the
result, full factorial design was selected and analysis of
variance (ANOVA) was employed to evaluate the data.

Table 1 shows the selected parameters performed for
this study with working levels. The design of experiment
(DOE) of the design factor in Full Factorial method was
employed for experimental design. Four factors and two
levels were used in this experiment.

There are 16 running processes and 2 centre points

were performed from the equation of full factorial design.
The equation of full factorial design is stated in
Equation 1.
Full Factorial Equation = 2* (1)
where k denotes as the number of factors, i.e., peak
current, machine voltage, pulse on time and pulse off time,
being investigated in this experiment and 2 is the level of
experiment, i.e., low (-1) and high (+1). The analysis of
ANOVA is employed in order to indicate the mathematical
models of EDM machining characteristic using design
expert software version 6.

RESULTS AND DISCUSSIONS

Material Removal Rate: Table 2 shows the summarization
of the data that was collected for this experiment. The
measurements of weight were taken by using weighing
scale while the time of processes were taken from the
screen monitor of machine after each machining.

Factor A Factor B Factor C Factor D
Run Peak Current (A) Machine Voltage (V) Pulse On Time (pus) Pulse Off Time (us) MRR (g/min) Remarks
1 17.5 27.5 102.5 155 0.1549 Centre point
2 5 10 200 10 0.0293
3 30 10 5 10 0.1250
4 17.5 27.5 102.5 155 0.1493 Centre point
5 5 10 5 10 0.0063 Lowest MRR
6 30 10 5 300 0.1463
7 5 10 200 300 0.0185
8 30 45 200 300 0.1431
9 30 45 200 10 0.1347
10 30 10 200 300 0.1141
11 30 45 5 300 0.1538
12 5 45 200 10 0.0129
13 30 45 5 10 0.1565
14 30 10 200 10 0.1613 Highest MRR
15 5 45 5 300 0.0136
16 5 10 5 300 0.0160
17 5 45 5 10 0.0387
18 5 45 200 300 0.0331
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Table 3 ANOVA analysis for material removal rate

Response:  MRR
ANOVA for Selected Factorial Model

Analysis of variance table [Partial sum of squares]

Sum of Mean F
Source Squares DF Square Value Prob>F
Wode! 0.058 5 0.012 225.04 <0.0001 significant
A 0.056 1 0.056 1082.48 < 0.0001
B 4736E-004 1 4.796E-004 9.24 00113
BC 4 BEEE-004 1 4 6BEE-004 8.98 0.0121
ACD  2576E-004 1 2.5T6E-004 496 0.0478
8C0 1.014E-003 1 1.014E-003 19.53 0.0010
Curvature 8.593E-003 1 8.593E-003 16547 <0.0001 significant
Residual 5.T13E-004 1 5.193€E-005
Lackof Fit  5.556E-004 10  5.556E-005 354 0.3932 not significant
Fure Emor  1.568E-005 1 1.568E-005
Cor Total 0.068 17
Normal plot characteristic of BeCu. Based on ANOVA analysis of
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Fig. 1: Normal probability plot for material removal rate

It is found that sample 14 shows the highest MRR with
0.1613 g/min while sample 5 shows less MRR with 0.0063
g/min. As seen in Equation 2, the MRR value was
determined using this equation.

MRR = W= Wb (g/min)
tm

2

where:

Wa = Material weight before machining
Wb = Material weight after machining
tm = Machining time

Analysis of Variance (ANOVA) for MRR: The Analysis
of Variance (ANOVA) is to be carried out to examine the
influence of process parameters on the machining

MRR in Table 3, it can be seen that the model is
significant with probability, Prob>F value between
0.0001 to 0.0478 less than 0.05. It shows that Factor A
peak current, Factor B machine voltage and interaction
between Factor BC, ACD and BCD are significant at
99 percent.

Figure 1 is clearly support the ANOVA analysis
identified the significant factor where Factor A peak
current is the most far away from normal plot following
by Factor B machine voltage. From the analysis, it shows
that the most significant parameter in EDM die-sinking
process of BeCu is peak current rather than the machine
voltage.

Factor C pulse on time and Factor D pulse off
time must be combined with Factor A peak current
and Factor B machine voltage to influence the MRR
as shown in Figure 1. It shows that Factor C pulse
on time and factor D pulse off time cannot stand alone as
compare to Factor A peak current and Factor B machine
voltage.

Figure 2 shows one factor plot with centre point
parameters; Factor A peak current 17.5 A, Factor B
machine voltage 27.50 V, Factor C pulse on time
102.50 ps and Factor D pulse off time 155 ps. Based on
main effects for MRR, it shows that when peak
current increases the value of MRR is also increased
dramatically. Meanwhile, the increasing of value
MRR in machine voltage is almost flat. It means that
factor A peak current is the most significant factor for
MRR.
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Fig. 2: One factor plot (a) Factor A peak current and (b) Factor B machine voltage dependence of material removal rate
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Fig. 3: Interaction graph of Factor B machine voltage and Factor C pulse on time for material removal rate

Based on Figure 3, interaction between Factor B
machine voltage and Factor C pulse on time is significant
with respect to MRR. In order to get a maximum value of
MRR which is 0.09345 g/min, the Factor B machine
voltage is set at high level 45 V and Factor C pulse on time
is set at low level 5 us. Meanwhile, for minimum value of
MRR which is 0.0717 g/min, both of Factor B machine
voltage and Factor C pulse on time is set at low level
value which is 10 V and 5 ps respectively.

Verification of Mathematical Model: Verification of
mathematical models for each response was performed in
order to ensure whether the predicted value that given by
software is correct or not. Calculation was carried out
using the equation given by software. The calculation
was based on the parameters used in the confirmation test
in running on sample 2 as shown in Table 2.
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Verification on MRR equation in term of coded
factor generated by design expert software is shown in
Equation 3.

MRR =0.083+0.059 x A +5.475x10° x B—5.475x10°x B

xC—-4.013x10°xAxCxD+7963x10°xBxCxD
3)

where:

FactorA=-1,B=-1,C=+1,D=-1

Hence;

MRR =0.083 +0.059 x (-1) + 5.475x10 x (-1) - 5.475x10~°
x(-1) x (+1) = 4.013x107° x (-1) x (+1) x (-1) + 7.963x10~°
X (D x () x (1)

MRR = + 0.083 — 0.059 —0.005475 +0.005475 —0.004013
+0.007963 MRR = 0.0279 g/min
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Fig. 5: Surface texture and crater size (a) the highest and (b) the lowest of material removal rate

Percentage of difference between calculated value
and experimental value of MRR is 5% as indicated in
Equation 4. It is confirmed that mathematical model
generated by Design Expert software is reliable and
acceptable.

Experimentalypp — Calculated ypp < 100

Percentage different =
Esperimemtalypp

0.0293-0.0279
0.0293

Percentage different = x 100 = 5%.

“4)

Confirmation differential between calculated and
experimental is plotted as shown in Figure 4. It is found
that the graph height of experimental and calculated MRR
shows similar trend. It is confirmed that experimental
result is acceptable.
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Surface Appearance of Machining Characteristics:
Peak current was considered as most significant factor
to MRR while machine voltage and interaction
between machine voltage and pulse on time were less
significant factor. It also shows that MRR value is the
highest at the biggest value of discharge current.
Unfortunately, when discharge current is high, the
spark density and discharge power are more,
subsequently causing a large crater depth on
workpiece surface, which result rough surface as
similar result indicated by Krishna [24]. Figure 5(a) and
Figure 5(b) show the surface texture and crater size
between the highest and the lowest MRR of specimen. It
is found that the highest MRR of running sample was
number 14 and the lowest MRR of running sample was
number 5. The image of workpiece surface was enlarge
230 times magnification.
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CONCLUSIONS

In this study, the performance of EDM die-sinking
parameters on machining characteristic that is MRR of
Beryllium Copper was investigated. The machine voltage
is the less significant factor, while peak current is the most
significant factor. The higher value MRR can be obtained
with combination of high level setting of peak current and
pulse on time. The changes of peak current and pulse on
time have contributed to a great influence of MRR. It can
be concluded that a storage spark with higher energy is
produced when increasing peak current, subsequently
more heat is generated and substantial quantity of heat
utilized in material removal.
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