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Abstract

The process of electrical discharge machining (EDM) includes thermal erosion of the workpiece by a series of
sparks from an electrode depending on electrical source of energy. The workpiece and the electrode are
submerged in a dielectric fluid. This paper presents an experimental investigation for studying the effect of
electrodes shape using (flat, conical, and round) bottoms, currents of (10, 20, and 42 A), pulse duration of (25,
50, and 75 ps) and pulse interval of (37, 12, and 3.5 ps) on electrode wear rate (EWR). A series of experiments
was carried out using 27 specimens, workpiece of AISI 1060 steel material with thickness of 2 mm, electrode of
extra high leaded brass material with diameter of 16 mm, and transformer oil as dielectric liquid. The
relationship between machining parameters (current, pulse duration, and pulse interval) and electrode wear rate
(EWR) was found for each electrode shape and a comparison between electrodes shape was done to know which
electrode shape gives lowest EWR. From experimented results, it is revealed that for most of runs conical
electrode gives lowest EWR as compared with flat and round electrodes. The factorial design was used to
develop a mathematical model to create a plot that shows the effect of electrodes shape and predict the values of
EWR by the Minitab statistical software (MSS).

Introduction

Electrical discharge machining (EDM) is an electro-thermal machining process, because it uses electrical energy
to generate electrical spark and thermal energy of the spark to remove workpiece material [1]. EDM is the
process of machining the workpiece by melting and vaporizing it, using controlled sparks occur between an
electrode and a workpiece in a tank of a dielectric fluid [2]. Workpiece material of EDM could be difficult to cut
in conventional machining with striking properties like high bending stiffness, low thermal expansion, high
strength, and better fatigue characteristics such as ceramics, super alloys, and composites [3]. Materials of the
electrode and workpiece should be electrically and thermally conductive to perform the process [4]. The
mechanical properties of electrode and workpiece materials like (tensile strength, grain size, hardness, and
transverse rupture strength) have no effect on machining performance. The thermo physical properties like
(melting and boiling temperature, thermal expansion, and electrical and thermal conductivity) have considerable
effect. The mechanical properties of electrode affect the manufacturing of the electrode [5, 6]. The performance
of the process relies on the electrode in its design, fabrication method, and material [7-9]. The process uses a
physical tool with geometry that represents geometric feature or impression of the obtained hole [4]. Intricate
shapes, delicate or thin fragile sections, and very small workpieces can be produced with EDM without
deforming them [10]. This process doesn't need to direct physical contact between the electrode and the
workpiece so there is no exerted mechanical stress on the work piece [11]. This process is utilized in production
of the moulds, punches, dies, and finished parts of automotive and aerospace industry and surgical components
[12].

Yan B.H. et al. (2000) [7] researched in rotary EDM using Al.Os/6061Al composite workpiece and copper
disklike electrode and compared the rectangular, sawlike, and disklike electrodes. The results revealed that the
disklike electrode gives highest MRR and EWR. Jung Chou Hung et al. (2006) [13] studied micro electro
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discharge machining (micro-EDM) with and without ultrasonic vibration to make micro holes and finish them
with the use of a cylindrical and helical micro electrodes with tungsten carbide material in a high nickel alloy. It
was concluded that micro-EDM with ultrasonic vibration with the use of a helical electrode reduces the EDM
gap more, gives better shape accuracy, and the machining time has been decreased than others. Ahsan Ali Khan
et al. (2009) [14] discussed the influence of electrode shape of die sinking EDM on mild steel workpiece
material using copper electrode. The selected shapes of the electrodes were round, square, triangular, and
diamond having constant cross-sectional area of 64 mm?. It has been concluded that the round electrode leads to
highest MRR and lowest EWR, then square, triangular and diamond electrodes followed. Also the diamond
electrode produces highest wear ratio (WR), then triangular, square and the round electrodes followed. In
addition, the round electrode gives lowest average surface roughness (R,), followed by square, triangular and the
diamond electrodes. Oguzhan Yilmaz and M. Ali Okka (2010) [15] investigated electrical discharge
machining of hole drilling using single-channel electrode (having one cavity) and multi- channel electrode
(having three cavities) made of brass and copper materials on Inconel alloy. It has been concluded that brass
electrode with single-channel has the highest MRR and the lowest electrode wear ratio (EWR). In addition,
brass and copper electrodes having multi- channel gives less hardness of the drilled hole. G. D’Urso et al.
(2011) [16] worked on influence of process parameters (current, frequency, pulse duration, and electrode
rotation speed) using micro- EDM on Titanium plates using cylindrical and tubular carbide electrodes. The
geometrical characteristic of the micro-holes was investigated such as (the overcut and the taper rate). It has
been discovered that tubular electrode led to better conditions (increasing in MRR, decreasing in wear rate,
decreasing in overcut, and increasing in taper rate). Abhishek Singh et al. (2013) [17] investigated the effect of
electrode geometry in electric discharge drilling process on MRR using copper electrodes with four bottom
shapes (solid cylindrical, chamfered, conical and helical) on Al6063/10% SiC composite workpiece. The
experimental results showed that the conical electrode produced the highest MRR, the chamfered and solid
cylindrical electrodes produced nearly the same MRR, and the helical electrode produced the lowest MRR.
Saad Hameed Najem and Maan Aabid Tawfiq (2014) [18] worked on die sinking EDM machine on stainless
steel workpiece, two copper electrodes (multi 4-channels and multi 7-channels). Results showed that the
electrode having 7-channels gives lowest EWR. M. Manohar et al. (2014) [19] focused on electrodes having
different bottom profiles like (convex, concave and flat) of copper rod with 12 mm diameter and 6, 8 and 10 mm
curvature radius of Inconel alloy. The convex electrode was better because of obtaining higher MRR, lower
EWR, thinner recast layer, better surface finish, closer geometry, and took less time for machining.

(Symbols, Greek, & abbreviations):
Ea: Electrode weight after machining (g)
Eg: Electrode weight before machining (g)
Ip: Current (A)

Mr: Machining time (min)

Ra: Average surface roughness (um)
Toff: Pulse interval (ps)

Ton: Pulse duration (us)

pe: Density of electrode material (g/mm?®)
Al: Aluminum

Al,O3: Alumina

ANOVA: Analysis of Variance

CNC: Computer Numerical Control

D.C: Direct Current (A)

DOE: Design of Experiments

EDM: Electrical Discharge Machining
E.S: Electrode Shape

EWR: Electrode Wear Rate (mm3/min) or Electrode Wear Ratio (%)
MRR: Material Removal Rate

MSS: Minitab Statistical Software

SiC: Silicon Carbide

WR: Wear Ratio
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Principle of EDM

In this process removing the workpiece material is due to the erosion effect that is caused by rapidly spark
discharge between the tool and workpiece [20]. The energy source of the sparks is an intermittently discharged
capacitor or a D.C power source [21]. Workpiece is connected to one pole of power source and electrode is
connected to another [22]. A small gap is seperated between the electrode and the workpiece to give electrical
resistance in gap by a servo system [20, 22]. As a pulse delivers a dense electric field generates between the
electrode and the workpiece. At the beginning of electrical pulse, when voltage is increased up to about 70 volts,
the temperature of a high conductive bridge across the gap is increased results in ionizing the gap and spark is
formed between two surfaces at the rate of 20,000 to 300,000 sparks per second with a current density of 1550
A/mm® or more for each spark [21, 22]. Due to the heat which leads to a conductive discharge channel the
positive ions and electrons are accelerated [20]. At the mid- point of electrical pulse, voltage decreases to about
20 volts and current increases which causes increasing in temperature and pressure of the discharge channel and
consequently melting and vaporizing small amount of material at the spark contact point from both electrode
and workpiece producing vapour bubble that expands outwardly from the spark channel [21, 22]. Figure (1(a))
shows variation of voltage and current with time [23]. When the electrical pulse is stopped heating and spark
are terminated causing collapse both the spark channel and the vapour bubble. The injection of the dielectric
fluid leads to explosive expulsion of molten material from both electrode and workpiece surfaces forming small
crater in both surfaces, Figure (1(b)) shows the parts that achieve the working principle of EDM [22].
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Figure (1) Working principle of EDM [(a) 23, (b) 22].

Planning of Experiments

1. Details of workpiece and tool assembly

Workpieces (27 specimens) were cut by wire electrical discharge machining process (WEDM) of AISI 1060
steel material with 2 mm thickness and 55 mm diameter, as shown in Figure (2). It is susceptible to
magnetization, difficult to fabricate more than the lower carbon grades, have poor machinability and resistance
to corrosion, and weldable by all of the welding methods with hardness of (51.6 HRC), melting temperature of
(1370 — 1400 °C), and density of (7.9 g/cm® at 25°C). The chemical composition in weight percentage (Wt %)
of the elements that form AISI 1060 steel alloy was obtained in the laboratories of the Central Organization for
Standardization and Quality Control, as shown in Table (1).

An electrode of extra high leaded brass alloy with 100 mm length, and 16 mm diameter was used. Extra high
leaded brass has free machining properties, good formability, it does not resist wear as well as tungsten or
copper, but is easier to machine and die-cast or extruded for specialized applications with hardness of (16.9
HRC), melting temperature of (888 °C for solidus), and density of (8.5 g/cm?® at 20° C). Three bottom shapes of
electrodes were designed by turning process using CNC lathe USK-310 machine, as shown in Figure (3), The
selected bottom shapes of electrodes were flat, conical (with 90° apex angle) and round (with 8 mm radius).
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Table (1) The chemical composition in weight percentage (Wt%) of AISI 1060 steel workpiece.

Element C Si Mn P S Cr Mo Ni
Wt % 0.165 0.245 0.441 0.015 0.005 0.907 0.018 0.031
Element Al Co Cu Nb Ti \Y/ W Pb
Wt % 0.003 0.007 0.029 0.002 0.001 0.165 <0.005 | <0.001
Element Sn B Ca Se Sb Ta Fe
Wt % 0.008 0.001 | <0.0005 0.004 <0.005 0.030 remainder

2. Selection of process parameters

Three variable process parameters have been considered (electrode shape, current, and pulse duration with pulse
interval), as shown in Table (2). The constant parameters of the process are shown in Table (3). Die Sinking
EDM process was used to perform the experiments on a CHMER EDM machine of CM 323C model making a
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Figure (3) Shapes and sketch of bottom of electrodes.

hole in the center of workpieces in the University of Technology, as shown in Figure (4).

Table (2) Variable process parameters.

Variable parameters Level 1 Level 2 Level 3
Electrode shape (E.S) | flat conical round
Current (lp) 10A 20 A 42 A
Pulse duration (Ton) 25 s 50 ps 75 us
Pulse interval (Tofr) 37 ps 12 ps 3.5 s
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Constant Parameters

Description

Workpiece material

AISI 1060 steel

Workpiece thickness

2 mm

Electrode material

Extra high leaded brass

Electrode diameter

16 mm

Dielectric liquid

Transformer oil

S code 26
High voltage (H.V) 20V15A
Gap 10
Servo feed (SVO) 75 %
Working time (W.T) 0.6 sec
Jumping time (J.T) 0.8 mm
Input voltage 220 V (three phase) AC

Output voltage

240 V (two phase) DC

Dielectric system

“Power sugp‘l}"

«

Figure (4) CHMER EDM machine components.
The weight of the electrode before and after the machining process was measured for each experiment by the
sensitive balance Instrument and the machining time was recorded by CHMER EDM machine to calculate the
EWR from the following equation:

EWR = -B=Ea 1)
MTXpE
Where:
EWR: Electrode wear rate (mm®/min).
Eg: Electrode weight before machining (g).
Ea: Electrode weight after machining (g).
Mr: Machining time (min).
pe: Density of electrode material (g/mms3).
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Design of Experiments (DOE)

DOE was done to investigate the effects of input variables (factors) on output variable (response) at the same
time for a series of runs, in which changes are made to the input variables, identify the process conditions that
improve process quality, and determine the factor settings that optimize the results using Minitab statistical
software (MSS). Factorial design was the selected design of MSS.

Full factorial design helps in improving the process through considering the important of process factors and to
achieve the relative importance of each of these factors on response parameter. This method tries various
combinations of factors settings to establish the best way to run the process [24]. It provides easier interface for
specifying model terms, easier interface for calculating predicted values, and automatic model selection to
identify important factors. General full factorial design type was used. It includes 2 to 15 factors each factor can
have any number of levels (at least two levels but not more than 100 levels). 3% (level &) full factorial design
was used producing 27 runs.

Results and discussion

1. Flat Electrode Shape

Figure (5) shows the effect of current using values of (10, 20, 42 A) on EWR for various pulse duration and
pulse interval levels using values of (25 ps with 37 ps, 50 ps with 12 ps, and 75 ps with 3.5 ps), respectively. It
is obvious that as current increases, the EWR increases for all pulse duration and pulse interval levels. The
increasing of EWR is due to increasing the diameter of crater in electrode surface that is caused by strong spark
that make temperature higher.

80
%60 =9="Ton of 25 ps and Toff of 37 us
E 40 == Ton of 50 ps and Toff of 12 us
£ ;
= Ton of 75 ps and Toff of 3.5 s
« 20
E . /
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Figure (5) Effect of current on EWR for various pulse duration and pulse interval levels using flat electrode.

Figure (6) shows the effect of pulse duration using values of (25, 50, 75 us) on EWR for various currents using
values of (10, 20, 42 A). It is obvious that as pulse duration increases the EWR increases but after a specific
value of pulse duration of 50 ps, it decreases for all currents. Reduction in EWR from longer pulse duration of
75 ps is due to erratic cutting that is caused by forming bridges on electrode surface by the particles of molten
material.
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Figure (6) Effect of pulse duration on EWR for various currents using flat electrode.

Figure (7) shows the effect of pulse interval using values of (3.5, 12, 37 ps) on EWR for various currents using
values of (10, 20, 42 A). It is obvious that as pulse interval increases, the EWR increases but after a specific
value of pulse interval of 12 ps, it decreases for all currents. Increasing the value of EWR is due to clean gap
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and decreasing after a specific value of pulse interval of 12 ps caused by arcing that creates by remaining debris
on electrode surface.
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Figure (7) Effect of pulse interval on EWR for various currents using flat electrode.

2. Conical Electrode Shape
Figure (8) shows the effect of current using values of (10, 20, 42 A) on EWR for various pulse duration and

pulse interval levels using values of (25 us with 37 ps, 50 ps with 12 ps, and 75 ps with 3.5 ps), respectively. It
is obvious that as current increases, the EWR increases for all pulse duration and pulse interval levels. The
increasing of EWR is due to high discharge energy that makes more positive ions collide with the surface of
electrode which increases the amount of melted and vaporized material of electrode.

60

E 40 =&=Ton of 25 us and Toff of 37 us

E 20 == Ton of 50 ps and Toff of 12 us

o

E 0 v Ton of 75 ps and Toff of 3.5 us

0 10 30 40 50
1(A)
Figure (8) Effect of current on EWR for various pulse duration and pulse interval levels using conical
electrode.

Figure (9) shows the effect of pulse duration using values of (25, 50, 75 ps) on EWR for various currents using
values of (10, 20, 42 A). It is obvious that as pulse duration increases the EWR increases but after a specific
value of pulse duration of 50 ps, it decreases for all currents. High pollution on electrode surface is the reason of
reduction in EWR from longer pulse duration of 75 s that reduces spark efficiency.
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Figure (9) Effect of pulse duration on EWR for various currents using conical electrode.

Figure (10) shows the effect of pulse interval using values of (3.5, 12, 37 ps) on EWR for various currents using
values of (10, 20, 42 A). Also, it is obvious that as pulse interval increases, the EWR increases but after a
specific value of pulse interval of 12 ps, it decreases for all currents. Increasing the value of EWR is due to
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better flushing of debris in the gap from electrode surface and decreasing after a specific value of pulse interval
of 12 ps is due to the reason of arcing formation because of the remaining debris in the gap as a result of

inability of the dielectric liquid to flush it away rightly.
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Figure (10) Effect of pulse interval on EWR for various currents using conical electrode.

3. Round Electrode Shape
Figure (11) shows the effect of current using values of (10, 20, 42 A) on EWR for various pulse duration and

pulse interval levels using values of (25 ps with 37 ps, 50 ps with 12 ps, and 75 ps with 3.5 ps), respectively. It
is obvious that as current increases, the EWR increases for all pulse duration and pulse interval levels. The
increasing of EWR is due to high current densities that rapidly heats the electrode and causes it to wear.

60
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S
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1(A)
Figure (11) Effect of current on EWR for various pulse duration and pulse interval levels using round
electrode.

Figure (12) shows the effect of pulse duration using values of (25, 50, 75 ps) on EWR for various currents using
values of (10, 20, 42 A). It is obvious that as pulse duration increases the EWR increases but after a specific
value of pulse duration of 50 ps, it decreases for all currents. At longer pulse duration of 75 pus a layer of carbon
elements precipitates from the dielectric liquid on electrode surface and increases wear resistance producing

reduction in EWR.
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Figure (12) Effect of pulse duration on EWR for various currents using round electrode.

Figure (13) shows the effect of pulse interval using values of (3.5, 12, 37 us) on EWR for various currents using
values of (10, 20, 42 A). It is obvious that as pulse interval increases, the EWR increases but after a specific
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value of pulse interval of 12 ps, it decreases for all current, as discussed for the Figures (7) and (10) for flat and
conical electrodes, respectively.
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Figure (13) Effect of pulse interval on EWR for various currents using round electrode.

4. Effect of Electrode Shape on EWR

Figure (14) shows the experimented values of EWR for the nine runs for each electrode shape including flat,
conical, and round. It is obvious that for most of runs conical electrode produces lowest EWR as compared to
flat and round electrodes. The reason of this decreasing in conical electrode is due to lowest contact area
between the conical electrode and workpiece. Including a point to be sparking area at first leads to low heat
energy on surface of electrode and as electrode advances towards the workpiece, heat energy gradually increases
at every instant. This gives intense heat on electrode surface causing melting and vaporizing by increased heat

amount.

€
E H flat
mE |
H conical
E
o round
=
w

1 2 3 4 5 6 7 8 9
Run number
Figure (14) Effect of electrodes shape on EWR.

5. Prediction in Minitab Statistical Software (MSS)

The general full factorial design with confidence interval of 95% analyzes the experimented values by Minitab
Software with general linear model.

A model is fitted for the data to generate residual plots to assess the importance of the effects such as normal
probability plot between the residuals versus their expected values when the distribution is normal using
regression and ANOVA. The output from analysis of variance (ANOVA) determines whether factors are
significantly related to the response. Percentage contribution of each factor on EWR is measured from ANOVA

table.

Conclusions
The main conclusions which can be deduced from the present study can be summarized as follows:
1. In flat electrode the maximum value of EWR is (57.696 mm3/min) and minimum value is (6.395

mm?3/min).
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2. In conical electrode the maximum value of EWR is (50.413 mm?3/min) and minimum value is (8.566
mm?3/min).

3. In round electrode the maximum value of EWR is (52.109 mm3/min) and minimum value is (5.945
mmS/min).

4. From experimented results, it is found that for most of runs conical electrode gives lowest EWR due to
lower contact area including in a point then increased region at every instant between the conical
electrode and workpiece as compared to flat and round electrodes.
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