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Abstract Aluminium (Al) alloys are extensively used in all
areas of manufacturing including automotive and aerospace
industries due to its lightweight, excellent machinability, good
surface finish at high cutting speed, low cutting forces and
outstanding tool life. Although Al alloys have excellent ma-
chinability with conventional machining processes, electric
discharge machining (EDM) and micro-EDM are often used
to machine intricate features in Al alloys for plastic injection
moulds and electronic applications. Present study aims to
investigate the influence of various operating parameters on
the micro-EDM behaviour of an important Al alloy AA 2024,
commonly known as ‘Duralumin’. The machining behaviour
has been investigated by engraving micro grooves on the
surface of the AA 2024 using different parameters settings
from a resistance-capacitor (RC) type pulse generator. The
operating parameters studied were capacitance, resistance,
supply voltage, electrode rotational speed and gap control
parameters. The micro-EDM machinability of the AA 2024
alloy was evaluated in terms of the material removal rate
(MRR), tool wear ratio (TWR), surface roughness (SR) and
machining depth of the micro grooves. It has been found that
the increase of capacitance and voltage results in increase of
discharge energy, causing higher MRR at the expense of
higher tool wear and rougher machined surface. On the other
hand, too low capacitance and gap voltage result in unstable
machining by creating arcing and short-circuiting, which
again makes the surface defective in addition to reducing the

machining speed. The careful selection of gap control param-
eters improves the machining stability by reducing the arcing
and short-circuiting as well as improves the overall machining
performance. For stable micro-EDM with higher machining
speed and improved surface finish, the identification of opti-
mum parameters is needed. With this said, the recommended
settings of parameters for micro-EDM of AA 2024 were
found to be the voltage of 160 V, capacitance of 10,000 pF
and resistance of 470 Ω, spindle speed of 720 rpm, gap feed
rate of 0.01 mm/s, gap control factor of 50 and gap threshold
voltage of 80 %.
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1 Introduction

In recent years, there is an increasing demand for lightweight
materials from various industry sectors. Lower density, higher
strength-to-weight ratio and better mechanical properties of
the products are the major requirements from the industry
perspective. Among the lightweight materials, aluminium
(Al) and its alloys is becoming the potential candidate for
aerospace and automotive industries, as well as for other areas
of transportation and structural designs. Oxides and sulfates of
Al are the most functional compounds since they can provide
lower weights [1]. Low cost and better machinability have
made Al alloys more popular in automotive and aerospace
industries [2]. The aluminium alloy AA 2024, formerly
known as ‘Duralumin’, is commonly used in aircraft struc-
tures, rivets, hardware, truck wheels, screw machine products
and other structural applications [3].

Electric discharge machining (EDM) is a promising tech-
nology that can be used to perform accurate machining of any
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electrically conductive materials including Al and its alloys.
EDM is a non-conventional machining process where the
material is removed by the heat generated during the repetitive
electric discharge. The discharge occurs between the electrode
and the work piece with the presence of dielectric liquid. As a
result of the heat production in each discharge, materials are
removed in the form of tiny craters and the molten craters are
flushed away from the machined zone by the dielectric liquid.
Various studies have been conducted on the machining per-
formances during the conventional EDM of Al and its alloys.
Khan [4] studied the effect of major parameters during the
EDM process. The main purpose of Khan’s research was to
obtain a maximummaterial removal rate (MRR) withminimal
electrode wear (EW) during the EDM of aluminium [4]. Gatto
et al. [5] investigated the optimization of machining parame-
ters for EDM and HSM (high speed machining) of Al alloy for
mould production. They reported that higher thermal conduc-
tivity of Al causes comparatively higher energy waste into
workpiece than the electrode, which results in lower tool wear
[5]. Kathiresan and Sornakumar [6] conducted EDM studies
on ‘Aluminum alloy-Silicon Carbide’ composite and reported
that increasing the discharge current could increase the mate-
rial removal. Similar findings were reported byArooz et al. [7]
in their study, where they investigated the effect of current
during the EDM of ‘Aluminium 6061-T6’. They reported that
the increased spark discharge energy helps in melting and
vaporisation process and promotes the large pulse force in
the spark gap, which makes the machining process faster by
increasing MRR [7]. Kumar and Mohit [8] had also realised
during their research that the current has more influence on
higher MRR than pulse time and voltage. The MRR was
found to increase non-linearly with increase in current for
constant gap voltage and pulse on time [8]. The MRR also
increased with increase of pulse duration as reported in the
same study [8]. Nanimina et al. [9, 10] investigated the effect
of EDM parameters during the machining of ‘Aluminum
Metal Matrix Composite (AMMC)’. Guleryuz et al. [11] also
investigated the influence of EDM process parameters on the
surface roughness of ‘Aluminium Matrix Composites Rein-
forced with SiC Particulates’. Chose et al. [12] reported that
the peak current has considerable effect on the material
removal rate (MRR), tool wear rate (TWR) and surface
roughness (SR) during EDM of Al2O3/6061Al workpiece.
They also urged that due to the demand of increased
productivity and improved performance in machining, the
MRR should be high while the TWR is kept low [12].
The low TWR can reduce the time of altering the tool as
well as decreases the cost of tool [12]. Ahamed et al. [13]
studied the EDM behaviour of hybrid Al–SiCp–B4Cp and
Al–SiCp–Glass metal matrix composites.

In addition to MRR and TWR, the surface finish and
surface modification are important research questions during
the EDM and micro-EDM. In contrary to steels, the base

material in aluminium is harder than the heat effected layer
and is not susceptible to cracking. In order to obtain hard
layers with increasing corrosion resistance, specific electrodes
and fluids were employed during the surface modification of
aluminium by EDM [5]. The researchers also focused on
improving the machining accuracy during the EDM of alu-
minium by minimising the electrode wear and improving the
surface morphology [5, 10, 11].

In order to analyse the EDM process and for solving the
complex interrelationships between process parameters and
performance measures, researchers used the Taguchi’s ap-
proach, grey relational analysis (GRA) and other mathemati-
cal models and optimization techniques. Chose et al. [12] used
Taguchi’s approach to conclude that electrical parameters
have more significant effect on EDM characteristics, such as
MRR, TWR and SR, compared to the non-electrical parame-
ters. Lin et al. [14] presented optimization of the EDM process
for machining of aluminium alloy based on the orthogonal
array with fuzzy logic and grey relational analysis. Taguchi’s
approach was also used to optimise the accuracy of the high
speed EDM process [15]. Moreover, Kamguem et al. [16]
used response surface methodology and desirability functions
to investigate surface finish and metallic particle emission
during EDM of aluminium alloys.

In addition to the above mentioned research works in
conventional EDM, several research works have been con-
ducted on the micro-EDM of aluminium alloys. Rosochowski
et al. [17] investigated the machinability of ultra fine grain
(UFG) aluminium usingmicro-EDM.Hu et al. [18] conducted
a similar study to investigate the machinability of silicon
carbide particle reinforced aluminium matrix composite
(SiCp/Al) using the micro-EDM process. The study claimed
that the use of appropriate parameters and reasonable
processing methods could improve machining performance
during the micro-EDM of SiCp/Al. Modica et al. [19]
used the micro-EDM milling process to fabricate micro
features in ‘Aluminium – Magnesium’ alloy.

Although many researchers have investigated the feasibil-
ity of machining of various types of aluminium alloys using
macro-scale EDM process, very few research have been re-
ported on the micro-EDM of aluminium alloys. Micro-EDM
can be used for machining complex shapes and features for
plastic injection moulds made of aluminium alloys. Micro-
EDM can produce micro-holes, micro-channels and other
thin-walled micro-features in aluminium without burrs. In
addition, micro-EDM can be used for machining very high-
aspect-ratio micro tools that are difficult to machine using
conventional micro-turning process due to breakage of tool
owing to cutting forces. However, the effect of various oper-
ating parameters on the micro-EDM performance during ma-
chining aluminium alloys is not well understood. Moreover,
most of the studies have been conducted using transistor-type
pulse generator, which is suitable for conventional EDM at
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macro scale. There are very few studies on the EDM or micro-
EDM of Al alloys using RC-type pulse generator. In addition,
no study has reported the importance and effect of gap control
parameters, which have significant influence in the machining
stability during the micro-EDM process. There are differences
in the parameters, working principle and the amount of dis-
charge energy produced in transistor and RC-type pulse gen-
erator. It is easier to control the performance of a RC-type
pulse generator by controlling comparatively fewer parame-
ters. This study presents a detail experimental investigation
into the micro-EDMmachinability of an important aluminium
alloy AA 2024, commonly known as ‘Duralumin’. The
micro-EDM performance of the AA 2024 alloy was evaluated
in terms of MRR, TWR, SR and machining depth. The effects
of various electrical and gap control parameters from a RC-

type pulse generator on the machining performance parame-
ters were also investigated.

2 Experimental details

2.1 Machine tool

A desktop machine tool was used for the micro-EDM of AA
2024. The basic set-up of the machine consists of the
mechanical body, a drive and control system, a measurement
system, optional units for different micromachining tech-
nique, dielectric system and a PC to input command pro-
gram into the control system. Figure 1a shows the schematic
view of the multi-purpose miniature machine tool.

Fig. 1 a Schematic
representation of the micro-EDM
machine tool, b RC circuit for
supplying discharge energy for
machining

Int J Adv Manuf Technol (2015) 78:1127–1139 1129



The mechanical body is composed of X-, Y- and Z-axes
with a changeable spindle (C-axis). The system employs a 4-
axis controller with 0.1 μm of stepping resolution in X-, Y- and
Z-axis and 0.045° of rotary resolution in C-axis. Its travel
range is 200, 110 and 110 mm in X-, Y- and Z-axis, respec-
tively. The drive and control system and measurement system
are housed within a main control box. Basically, the control
system manages the operation that the operator has input
through the PC. The dielectric system maintains the dielectric
level in the work tank by constantly emptying (debris filled
dielectric) and pumping (debris removed dielectric) into the
tank. The dielectric system is paramount to the micro-EDM
process as it removes excessive debris that builds up during
the machining process. The PC component of the set-up
allows the operator to dynamically input commands to
the controller such that the micro-EDM process may be
programmed and executed. An RC-circuit has been used
as pulse generator for supplying discharge energy formachining.
The simple schematic diagram of a typical RC-circuit is shown
in Fig. 1b.

2.2 Materials

The workpiece material used in this study was an aluminium
alloy with a composition of 93.5 % Al, 4.4 % Cu, 1.5 % Mg
and 0.6 % Mn (Duralumin/AA 2024). The tool electrode
material used was the tungsten electrode (99 % W). The
tungsten electrode was used for its high melting point and
high wear resistance, which help in reducing the migration of
materials from electrode. The specifications of the workpiece
and electrode materials are listed in Table 1. Deionized (DI)
water was used as dielectric material.

2.3 Experimental procedure

In this study, the micro-electric discharge machining behav-
iour of AA 2024 has been investigated by engraving micro
grooves on the surface. As shown in Fig. 2, the targeted slot
length L=2mm, machined depth=0.04mm or 40μ and width

of slot=0.2 mm. To engrave the groove, the machine tool
moves in X–Y plane at a given constant speed while the Z-
axis position is controlled to maintain the spark gap as dem-
onstrated in Fig. 2 [20]. To maintain continuous spark in
between the electrode and workpiece, the speed of the Z-axis
is controlled based on the following equation [20]:

FZ ¼ ksgn V gap � V th

� � ð1Þ

Where FZ is the Z-axis feed rate, Vgap is the gap voltage
between the electrode and workpiece, Vth is the threshold
value for the gap control and k is a control parameter that
determines the speed of the micro-EDM gap control.

In this study, to understand the micro-EDM characteristics
of AA 2024, the effect of operating parameters on the ma-
chining characteristics was investigated. The operating param-
eters varied were capacitance, resistance, supply voltage,
spindle speed, gap control factor, gap feed rate and gap
threshold voltage. The corresponding output parameters stud-
ied were MRR, TWR, mean machined depth and SR. The
machining conditions for the micro-EDM of AA 2024 are
listed in Table 2.

The MRR is the volume of the material removed per unit
time. However, due to the irregular shape of the slots, the
volumeswere not easy to calculate using normalmathematical
formulas. Therefore, the volume was measured using the
surface profiler machine (Form Talysurf), where the general
profile of the workpiece was first determined and after that the
computer software (Talymap Universal 2.0) used the finite
element method to calculate the volume of the slot. An exam-
ple of the data obtained from the surface profiler is shown in
Fig. 3a. The red region in the diagram represents the shallow
region (top surface of the work piece), and the black region is
the deepest region of the slot.

Table 1 Properties of the workpiece and electrode materials

Material Workpiece Electrode
AA 2024 Tungsten

Composition (%) 4.4 % Cu 99.9 % W
1.5 % Mg

0.6 % Mn

93.5 % Al

Diameter (mm) N.A 0.2

Density (g/cm3) 2.7 19.3

Melting Point (°C) 658 3370

Specific resistance (μ/Ω/mm) 27.4–27.8 56.5

Fig. 2 Schematic diagram showing the process of engraving grooves or
machining slots by micro-EDM process [20]
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The MRR is given by the equation:

MRR ¼ Volume measured by the surface profiler

Time taken for the EDM process
ð2Þ

The mean depth of the slot is a measurement of the average
depth of the slot and it may be seen as a representation of the
effectiveness of the process. Mean depth was measured using
the surface profiler as shown in Fig. 3a.

The SR of the slot essentially reflects the surface finish of
the machined surface. The SR of the slot was measured using
the optical multisensor, and results were evaluated by the
‘Kmess’ software as shown in Fig. 3b. The software tries to
fit one side of the slot such that it lies between two lines. After
that, the outline of the slot is plotted using 100 points. From
the plotted points, the maximum peak-to-valley value was
determined and reflected as the SR of the slot.

It was a challenge to measure the values of surface rough-
ness parameters inside the micro slot using the traditional
surface roughness profilometer for several reasons. First of
all, the profile of the micro slot machined in this study was
hemispherical shaped due to corner tool wear. Secondly, the
slot was only 200 μ wide. It was difficult to position the tip of
the roughness profilometer inside 200-μ-wide slot. On the
other hand, the Mahr optical multisensor allowed taking an
optical image of the slot as well as calculating the maximum
peak-to-valley distance from 100 points along any selected
straight line.

The tool wear ratio (TWR) is defined as the volume of
metal lost from the tool divided by the volume of metal
removed from the work piece. High tool wear ratio results in

Table 2 List of machining parameters for micro-EDM of AA 2024

Parameters (Unit) Settings

Capacitance (pF) 470, 1000, 4700, 10,000

Resistance (Ω) 220, 470, 1000, 4700

Supply voltage (V) 140, 160, 180, 200

Gap threshold voltage (% of supply voltage) 20, 40, 60, 80

Spindle/tool rotational speed (rpm) 180, 360, 720, 1440

Gap feed rate (mm/s) 0.005, 0.01, 0.02

Gap control factor, k 10, 50, 100

Fig. 3 a Measurement of volume of material removed from the machined slot and mean depth of the slot by Talysurf profiler, (b) Measurement of
surface roughness by Mahr optical multi-sensor

Int J Adv Manuf Technol (2015) 78:1127–1139 1131



inaccurate machining and increases manufacturing cost of the
product. TWR was calculated using the following equation:

TWR ¼ Volume of tool wear

Volume of material removed from workpiece
ð3Þ

The volumetric tool wear given by ¼ πD2T
4 , where T is the

frontal electrode wear and D is the tool diameter.
In this study, the corner wear of the tool was not considered

for calculating the volume of tool wear and hence TWR. The
corner wear of the tool was not considered for few reasons.
First of all, a single tool was used for machining several slots.
After machining each slot, the worn out length of the tool was
measured in situ by touching the tool before and after machin-
ing. After that, the tool was dressed by reversing the polarity,
to remove the corner wear of the tool and to make it flat before
machining next slot. All those steps were done in situ without
taking out the tool electrode. Secondly, in order to consider the
corner wear, we probably have to take out the tool after
machining each slot andmeasure the corner wear or the profile
of the tool. As we conducted many experiments for this study,
it would make the process very slow. In addition, more fre-
quent changing of tool electrode could induce handling error
due to bending of the tools.

3 Results and discussion

3.1 Effect of capacitance

The resistance and capacitance are the two integral parts of the
RC circuit pulse generator. In this study, the effect of capac-
itance has been studied at different settings of resistance and
vice versa. The values of capacitance were varied for four
different settings: 470, 1000, 4700 and 10,000 pF. It was
found that the MRR increased with increasing capacitance
as shown in Fig. 4a. The reason being that with higher capac-
itance the energy per pulse is also larger. The craters formed
were dependent on the energy of the spark and thus larger
craters were formed at higher values capacitance resulting in
poorer surface finish. However, it was observed that at very
low capacitance the edge of the slots was jagged which also
made the surface finish of the slot inferior as can be seen from
Fig. 5. This contradiction is due to the fact that at very low
capacitance, the time constant of the charging circuit de-
creases and eventually leads to continuous arcing, which then
results in poor surface finish [21]. It can be observed from
Fig. 4b that the TWR decreased with capacitance. Although
the spark energy increases with the capacitance, the machining
instability caused by arcing and short circuiting at lower
settings of capacitance plays a dominating role in increasing

the TWR. At very low capacitance, the effect of arcing be-
comes dominant, which leads to poor machining conditions
and thus increases wear rate of the electrode. This phenome-
non was found to become even worse at lower settings of
resistances. It can be seen from Fig. 5a that the slot was shorter
when 470 pF capacitance was used at 220Ω due to signifi-
cantly higher tool wear. The TWR was lowest when the value
of capacitance was 10,000 pF. The mean depth of the ma-
chined slot was found to increase with capacitance, as the
discharge energy increased as can be seen in Fig. 4c. Since the
mean depth is related to the MRR, with increasing MRR the
depths of the slots also increase.

One important observation from Fig. 4 is that, except for
220Ω resistance, the effect of capacitance on MRR, TWR,
mean depth, and SR was followed uniform trend. The incon-
sistency in the trend at lower settings of resistance is due to the
higher peak current at lower resistance. For some instances, at
lower resistance settings, there were occurrences of arcing,
which resulted in unstable machining and inconsistent perfor-
mance, as shown in Fig. 5b. From the results gathered, capac-
itance at 10,000 pF was found to give the best machining
performance by providing much higher MRR, higher machin-
ing depth and moderately lower SR and TWR.

3.2 Effect of resistance

The effect of resistance at different settings of capacitance can
be understood from the Fig. 4. Four different settings of
resistances, 220, 470, 1000 and 4700 Ω, were used in this
study to investigate the effect of resistance. It was found that
for all settings of capacitances, the MRR and surface rough-
ness increased with decreasing resistance. The MRR was
found to be almost inversely proportional to the values of
resistance settings as seen from Fig. 4a. The SR was found
to increase as the sparking frequency increased at lower resis-
tance due to lower time constant. Since the dielectric fluid
cannot deionise quickly enough at lower time constant, con-
tinuous arcing occurs, which leads to a higher SR and poor
surface finish [22]. In addition, with the decrease of resistance,
the values of peak current increase, which result in removal of
coarser debris. Due to large size debris, the MRR increases as
well as surface becomes rougher. It was observed that the
mean depth increased with the decrease of resistance. As the
mean depth is dependent on the MRR, it is obvious that the
mean depth will also increase with the decrease of resistance.
With the decrease of resistance, the peak current increases,
which results in an increase of discharge energy helping to
removemorematerials and increase the depth of the machined
slot.

In case of TWR, there was slight reduction in TWR with
the decrease of resistance at higher settings of capacitance. On
the other hand, there was a significant reduction of TWR with
the decrease of resistance at lower settings of capacitance like
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470 and 1000 pF. This is due to the reason that at both the
lower settings of capacitance and higher settings of resistance,
the machining time is much higher and also the discharge
energy is lower. The longer machining time causes more
material removal from the workpiece compared to tool elec-
trode, whereas the lower discharge energy also results in less

material removal from the workpiece, thus finally resulting in
lower values of TWR. From the results obtained, a resistance
value of 470 Ω was found to be most suitable as it offered a
relatively higher MRR, lower TWR and lower SR. Figure 5c
shows the machined slot when a resistance of 470 Ω was
applied at optimum capacitance.

11 mm 1 mm

(a) (b) (c) 

1 mm

Fig. 5 Comparison of quality of micro slots machined at different
settings of capacitance and resistance; a capacitance of 470 pF and
resistance of 220 Ω, b capacitance of 470 pF and resistance of 470 Ω, c

capacitance of 10,000 pF and resistance of 470 Ω (Fixed parameters;
supply voltage=160 V, spindle speed=720 rpm, threshold voltage=80%,
feed rate=0.01 mm/s)

Fig. 4 Variation of aMRR, bTWR, cmean depth of slot and d surface roughness of slot with the variation of capacitance and resistance duringmicro-EDM
of aluminium alloy AA 2024 (Fixed parameters; supply voltage=160 V, spindle speed=720 rpm, threshold voltage=80 %, feed rate=0.01 mm/s)
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3.3 Effect of supply voltage

The effect of supply voltage at different tool rotational speed is
shown in Fig. 6. In general, the MRR increases with increas-
ing supply voltage, as increasing the supply voltage also
increase the spark energy per pulse. At higher supply voltage,
the resultant electric field is also higher. Therefore, the crater
removes in a single pulse is broader, which results in higher
MRR. However, it was observed that there was no uniform
trend of tool electrode wear ratio with the increase of supply
voltage, as can be seen in Fig. 6b. It was found that with the
increase of supply voltage the TWR decreased first up to
moderate range of voltage, after that became higher again at
very high voltage setting. This is due to the fact that higher
voltage can lead to unfavourable concentrated discharge
because of insufficient cooling of the electrode. As a result,
the TWR could increase beyond an optimum value, which
in this case is about 180 V, as can be seen from Fig. 6b.

In case of mean depth of the machined slot, a gradual
increase in mean depth was observed with increased supply
voltage, as can be seen in Fig. 6c. This is due to the higher

MRR at higher voltage. The SR, which is dependent on the
spark energy, also increased as bigger craters were formed
when voltage was higher, as shown in Fig. 6d. The ideal value
of supply voltage for optimum micro-EDM performance was
found to be about 180 V.

3.4 Effect of spindle speed

The effect of spindle speed can also be understood fromFig. 6.
When the electrode is rotated, the tool wear becomes more
uniform at the tip. The rotation creates a flow current in the
dielectric, which facilitates the removal of the debris formed.
As can be seen in Fig. 6a, the values of MRR were found to
remain the same around 5×10−5 mm3/s except for spindle
speed of 1440 rpm, when the MRR dropped. Although rota-
tion aids in the removal of debris, when the electrode is
rotating too fast it may actually affect the machining stability
due to too much turbulence created around the machining
zone. The TWR and the SR were found to increase with
increased spindle speed, as shown in Fig. 6b and d. The value
of 180 rpm seems to be enough for the shallow slots machined

Fig. 6 Variation of aMRR, b TWR, cmean depth of slot and d surface roughness of slot with the variation of supply voltage and spindle speed during
micro-EDM of AA 2024 (Fixed parameters; capacitance=10000 pF, resistance=470 Ω, threshold voltage=80 %, feed rate=0.01 mm/s)
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in this study (target depth 40 μm). The effect of tool rotational
speed shown in this study for machining lower machining
depth may not be appropriate for the machining of high-
aspect-ratio holes or deep slots. When deeper slots are ma-
chined, a higher rotation speed may be needed to enhance the
removal of debris. Therefore, the author recommends rotation
speed to be increased to 360–720 rpm for deep slot machining.

3.5 Effect of gap threshold voltage

The gap threshold voltage is a user defined parameter to
control the minimum allowable gap distance between the
work piece and the electrode. When the gap voltage between
the electrode and work piece is above the pre-set threshold
voltage, the electrode will move forward and vice versa. The
threshold voltage is normally presented as a percentage of the
supply voltage. Generally, machining only takes place when
the tool moves close towards the work piece. When the gap
threshold voltage is lower than the discharge voltage, the
spark occurs. Setting a low threshold voltage when using the
conventional step control for gap distance control will lead to

more frequent sparking. However, sometimes at low threshold
voltage, due to more sparking, there may be arcing leading to
poor machining conditions. As can be seen from Fig. 7a, the
MRR increased gradually with the increase of threshold volt-
age, especially at the setting of lower feed rate. This is due to
the fact that arcing might have occurred when low threshold
values were used, leading to poor machining conditions. Due
to the increased MRR with threshold voltage, the mean depth
of slot also increased, as can be seen from Fig. 7b. Therefore,
for stable machining conditions, threshold voltage of about
80 % of the supply voltage is recommended. On the other
hand, when using proportional control to control the gap
distance, as shown in Fig. 8a, lower threshold voltage resulted
in higher MRR, which is opposite to the step control. In
proportional control, the feed rate is constantly changing and
proportional control uses the equation {Feed rate=k [Actual
gap voltage – Threshold voltage]} to control the feed rate.
From the equation, it is clear that by selecting a lower thresh-
old voltage, the feed rate value increases and thus increases the
chance of arcing. Although a higher MRR is obtained by
using a lower threshold voltage, the SR of the slot increases

Fig. 7 Variation of aMRR, b TWR, cmean depth of slot and d surface roughness of slot with the variation of gap threshold voltage and feed rate during
micro-EDM of AA 2024 (Fixed parameters; supply voltage=160 V, spindle speed=720 rpm, capacitance=10,000 pF, resistance=470 Ω)
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due to the effect of arcing. It was found that both the lower and
higher values of threshold voltage were not suitable for good
surface finish. Thus, if a good surface finish is needed, choos-
ing a value of threshold voltage at 60 % of the supply voltage
is recommended.

3.6 Effect of gap feed rate

The gap feed rate defines the speed at which the tool advances
towards the work piece. Having an excessive gap feed rate
increases the possibility of arcing, which then leads to poor
machining conditions. The gap feed rate determines how fast
the tool is approaching the workpiece. The general trend is
that by having a faster feed rate will increase the MRR of the
process, as plotted in Fig. 7a. However, it can be seen from
Fig. 7d that the SR was affected when the gap feed rate was
increased. This is due to the increasing possibilities of arcing
brought by the increased feed rate. It was found that moderate
feed rate value was favourable for obtaining lower SR and
TWR. The machined depths of slots were also higher for
moderate values of gap feed rate. Therefore, for grooving or

shallow slot machining, gap feed rate of 0.01 mm/s was found
to provide improved performance. Gap feed rate of 0.005 mm/
s can only be used when surface finish is the main priority, as
the MRR becomes much lower at lower setting of gap feed
rate.

3.7 Effect of the gap control factor, k

The gap control factor influences the speed at which the tool
electrode advances towards the workpiece. However, the gap
control factor is used with the proportion control program,
whereby feed rate is defined as Feed rate=k [Actual gap
voltage–Threshold voltage]. Thus, k is essentially a magnifi-
cation factor used in the above equation. When using propor-
tional control to control the gap distance, the gap feed rate is
not constant but is constantly changing. This constantly
changing value is then multiplied to a constant value known
as the gap control factor. Increasing the gap control factor has
the same effects as increasing the feed rate. It was found that
higher gap control factor resulted in higher MRR, as can be
seen from Fig. 8a. Increasing the gap control factor leads to

Fig. 8 Variation of aMRR, b TWR, cmean depth of slot and d surface roughness of slot with the variation of gap threshold voltage and feed rate during
micro-EDM of AA 2024 (Fixed parameters; supply voltage=160 V, spindle speed=720 rpm, capacitance=10,000 pF, resistance=470 Ω)
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more arcing, and as a result, the surface roughness was also
found to increase. Figure 9 shows the comparison of the
quality of slots fabricated by using a gap control factor
of 100 and 50. The fabricated slot was found to be
irregular shaped at higher gap control factor (k=100) due
to the unstable machining. On the other hand, uniform
shaped slot was obtained at gap control factor of 50.
Therefore, for optimum machining process, a gap control
factor of k=50 was used. Although k=100 provides higher
MRR, it leads to more arcing and invariably leads to compli-
cations of the machining process.

4 Machining with identified optimum parameters settings

In this experimental study, the optimal setting of each parameter
was identified first using 0.2 mm tool electrode by machining

micro slot of 40μ depth. After that, the optimal parameters were
tested for machining higher depth (50μ) using a larger diameter
tool (0.3μ). In this way, we can say that the identified optimal
set of parameters works for other dimension of micro slots and
tools.

The machining depth of 50μ was provided in a continuous
feed in one cut. Only a single pass was used to machine the
slot using optimal parameters setting. For all the slots ma-
chined for this study, we used single pass to machine the slots.
In order to maintain the correct machining depth due to tool
wear, the servo was controlled for constant spark gap. As the
tool wears with the machining, the servo pushes the tool
electrode downwards to maintain the same spark gap through-
out the machining process. The servo pulls the electrode as
soon as the required machining depth is reached at any point
in the slot, thus stopping the machining process.

In this study, the optimum parameters have been identified
experimentally. The optimum parameters were identified

(a) 

1 mm

(b) 

1 mm

Fig. 9 Slots fabricated by using a
gap control factor of a k=100 and
b k=50 (Fixed parameters;
supply voltage=160 V, spindle
speed=720 rpm, capacitance=
10,000 pF, resistance=470 Ω)

(b)

(a) 

(c) 

Fig. 10 a A micro-slot of 2 mm
length, 300 μm width and 50 μm
depth on aluminium alloy AA
2024 machined using optimum
parameters, b magnified image of
the slot showing smooth surface
finish, and c further magnified
image showing uniform crater
arrangement with crater sizes
of 8–10 μm
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based on a compromise between moderately higher MRR,
lower SR, higher machining depth and lower TWR; arranged
in order of priority. A detailed experimental investigation has
been done by varying each operating parameters within avail-
able range and plotting the process performance parameters
against variation of each parameter. After investigating the
effect of various operating and gap control parameters on the
micro-EDM performance of AA 2024, a suitable setting of
each parameter was identified by the best judgement. It has
been concluded that the following settings of machining pa-
rameters could provide improved micro-EDM performance
on the AA 2024 aluminium alloy:

& Capacitance of 10,000 pF
& Resistance of 470 Ω
& Supply voltage of 180 V
& Spindle speed between the ranges of 360–720 rpm
& Frequency of 436 kHz
& Duty-cycle of 50 %
& Gap threshold voltage of 80 % of the supply voltage
& Gap feed rate of 0.01 mm/s (roughing) and 0.005 mm/s

(finishing)
& Gap control factor of 50

In order to test the identified optimum parameters, micro-
slots weremachined using the optimum parameters settings. A
300-μm tungsten tool electrode was used to machine micro-
slots of 2 mm length and 50 μm depth on AA 2024 surface.
Figure 10 shows the SEM images of a machined micro-slot,
surface topography and crater arrangement on the machined
surface. The slot was found to be of a good dimensional
accuracy (less taper), smoother surface finish and uniform
crater arrangement.

5 Conclusions

An extensive experimental study has been conducted to in-
vestigate the effects of various machining parameters on the
machining characteristics during the micro-EDM of an impor-
tant aluminium alloy AA 2024. The machining parameters
varied were capacitance, resistance, supply voltage, spindle
speed, gap feed rate, gap control factor and the gap threshold
voltage. The micro-EDM performance of the aluminium alloy
was evaluated based on the effect of above mentioned param-
eters on different machining characteristics such as MRR,
TWR, machining depth and SR. The following conclusions
have been drawn from this experimental investigation:

& The MRR, mean machining depth of the slots and SR,
increases with the increase of capacitance and decrease of
resistance. The higher values of capacitance result in
broader craters due to increased pulse energy and lower

settings of resistance result in higher peak current, which
facilitates the MRR.

& Lower settings of capacitance and higher values of resis-
tance are not suitable for the micro-EDM process in an
RC-type pulse generator. The machining becomes unsta-
ble due to short circuiting and arcing providing inconsis-
tent performance. The micro-EDM performance becomes
very poor at combined settings of low resistance and high
capacitance from a pulse generator.

& The increase of supply voltage results in increased spark
energy per pulse. Therefore, the MRR, depth of the ma-
chined slot and SR, increases. The TWR is higher at both
lower and higher settings of supply voltage due to shorter
spark gap and increased pulse energy, respectively.

& Gap control parameters play an important role in deter-
mining the machining performance during the micro-
EDM process. The higher settings of gap threshold voltage,
feed rate and gap control parameter tend to make the
machining process faster. However, the process becomes
unstable due to more frequent arcing. An optimum selec-
tion of gap threshold voltage, gap feed rate and gap control
factor can ensure machining stability, which is more impor-
tant in controlling the micro-EDM performance.
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