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This paper presents a study of the EDM machining of H13 and D2 tool steels using
electrodes of different diameters. Scanning electron microscopy is employed to analyze the
machined surface, and the concept of a Crack Critical Line (CCL) is introduced to explore
the influence of electrode size, EDM parameters and material thermal conductivity on
surface cracking. The current results reveal that the surface crack distribution is influenced
by the machining parameters, the electrode diameter and the material conductivity. It is
noted that cracks tend not to appear when the machining is performed with a decreased
pulse current and an increased pulse-on duration. Furthermore, it is observed that
changing the electrode diameter causes a parallel shift of the CCL location within the crack
distribution map. The intercept of the line depends on the electrode size. When small
diameter electrodes are employed in the machining process, the location of the CCL shifts
upwards. This causes the no-crack zone to enlarge, and therefore permits a wider choice of
machining parameters to be adopted. C© 2004 Kluwer Academic Publishers

1. Introduction
Electro-Discharge Machining (EDM) has found
widespread application in MEMS applications, tool and
mold industries and aerospace industries [1, 2]. The ma-
chining technique now plays an indispensable role in
the fabrication of a wide variety of components. In the
EDM process, the workpiece material is melted by a
high temperature electrical discharge, and the molten
material is then flushed away by a dielectric material.
An ever-increasing number of new materials are being
developed nowadays. Although the machining of these
materials may pose difficulties for some traditional ma-
chining techniques, an inherent advantage of EDM is
that its use is not constrained by the physical proper-
ties of the material being machined, and therefore it
can be applied for the machining of any conducting
materials, or even ceramic materials. Moreover, since
the EDM process involves no direct contact between
the electrode and the component during machining, no
deformation of the workpiece occurs, even in the ma-
chining of thin components. Therefore, EDM is ideally
suited to the machining of materials with high hardness,
high strength and high toughness.

Advances in the EDM process have led to the minia-
turization of the electrodes used to carry out machining.
As a result, the EDM process can also be employed in
the machining of micro-scale components, and conse-
quently, EDM has now assumed a crucial role in the
fabrication of MEMS components [3, 4]. However, due
to the rapid heating and cooling effects induced by the
machining process, a white layer tends to form on the
surface of the machined component. A close inspec-
tion reveals the presence of many surface defects such
as cracks on this layer. Unfortunately, removing this
layer by grinding is always problematic, and especially
so when the dimensions of the component are small.
When the component is subjected to the impacts and
stresses associated with a typical working environment,
it is found that these cracks are the primary cause of
component failure. Furthermore, it has been shown that
the existence of surface cracks lowers the corrosion and
fatigue resistance of the material [5–7]. Therefore, sur-
face cracks are a fundamental consideration when eval-
uating the performance of the EDM technique, and the
prime objective of EDM machining must be to establish
the conditions which suppress their formation.
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According to former research [8–11], crack forma-
tion can be attributed to the presence of residual stresses
induced during the machining process. Bombarding the
workpiece with a succession of electrical discharges
causes a dramatic increase in the surface temperature,
which then induces thermal stresses within the spec-
imen. The molten material which is not removed by
the dielectric material subsequently re-solidifies as a
white layer upon the surface of the component. Due to
the rapid cooling effect, residual stresses are induced
within the white layer, and when these stresses exceed
the material’s ultimate tensile strength, cracking of the
surface takes place. Although the phenomenon of sur-
face cracking has been well documented in the pub-
lished literature, it appears that little research effort has
been directed towards establishing the machining con-
ditions which prevent the occurrence of such cracks.
Therefore, the aim of this current study is to investigate
the relationship between machining conditions and sur-
face cracking.

D2 and H13 tool steels are chosen as the specimen
materials in the present investigation since they are
widely used throughout mold industries. The depen-
dence of the crack distribution upon the EDM param-
eters, thermal conductivity and electrode diameter is
thoroughly explored, and the concept of a Crack Critical
Line (CCL) is introduced to distinguish the crack zone
from the no-crack region. The aim of this study is to pro-
mote a deeper understanding of surface crack formation
such that this type of surface defect may be avoided in
the near-mirror EDM manufacturing process.

2. Experimental procedure
Two CNC EDM machines manufactured by AGIE and
YAWJET are used to drill 0.2 mm deep holes in the
surface of D2 and H13 test materials, which have pre-
viously been quenched and then tempered twice, and
which have thermal conductivity properties of 20.9 and
28 W/m◦C, respectively. EDM machining of the spec-
imens is performed using copper electrodes of vari-
ous diameters, i.e., 6.4, 3.2, 1.5, 0.8 and 0.5 mm, and
kerosene is chosen as the dielectric material. Previous
research has shown that the quality of the machined sur-
face is determined primarily by the pulse current and
the pulse-on duration (On-time) [12]. Accordingly, the
current study is based upon these two parameters, and
specifies pulse currents of 4, 8, 12, 16, 24, 32 and 64 A
with pulse-on times of 3, 6, 9, 12, 15, 18 and 23 µs. The
pulse-off duration is equal to the pulse-on duration, i.e.,
the duty factor is 0.5.

After completion of the EDM machining process, the
surface integrity of the sample material is examined us-
ing Scanning Electron Microscopy (SEM) at a magnifi-
cation of 500 times in order to determine whether or not
surface cracking is evident. When cracking is observed,
the sample is classified as “crack formed”.

3. Results
3.1. Surface topography
Fig. 1 illustrates the distinctive morphology of a surface
which has undergone EDM machining. The electrical

Figure 1 Top view of the surface topography: (Material: D2; pulse cur-
rent 4A, pulse-on duration15 µs).

Figure 2 Section observation of the EDMed surface: (Material: D2;
pulse current 12A, pulse-on duration 15 µs).

discharges generate an enormous amount of heat, which
causes the surface metal to become molten and to va-
porize. The dielectric solution sweeps away some of
the molten debris, and subsequently causes the surface
to undergo a rapid re-solidification process. The rapid
heating and cooling effects associated with the EDM
process produce the uneven fusing structures, debris
globules, shallow craters, pockmarks, voids and cracks
which are evident in Fig. 1. It has been shown previ-
ously that these features become more pronounced for
higher values of the pulse current and pulse-on duration
parameters [13, 14].

Observation of the machined surface and the sample
sections reveals that the surface cracks often tend to be
micro-cracks. Fig. 2 presents an SEM observation of
the section of a D2 test specimen which has undergone
EDM machining. It is clearly shown that cracks are evi-
dent within the white layer, and that they originate at the
machined surface and then travel perpendicularly down
through the white layer towards the parent material. In
the vast majority of cases, it is found that the cracks ter-
minate within the white layer, or just on the interface
of the white layer and the parent material. Only rarely
do the cracks penetrate the entire white layer thickness
to extend into the parent material.

3.2. Influence of parameters
Figs 3 and 4, respectively, present the distribution of the
surface cracks in H13 and D2 tool steels for different
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Figure 3 Distribution of surface cracks for H13 (diameter = 6.4 mm).
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Figure 4 Distribution of surface cracks for D2 (diameter = 6.4 mm).

combinations of pulse current and pulse-on duration
for EDM machining with a 6.4 mm diameter electrode.
In an earlier study, Lee [15] observed that when the
pulse current is fixed at a value between 3 and 16 A,
the surface crack density increases as the pulse-on du-
ration is increased from 6 to 16 µs. Conversely, when
the pulse-on duration is fixed, the surface crack density
decreases as the pulse current is increased. The results
from the current study presented in Figs 3 and 4 are
seen to be consistent with this observation. From Fig.
3, it is noted that when the pulse current is set at 4 A,
cracks will appear in the H13 tool steel at a pulse-on
duration of just 6 µs. However, at higher values of pulse
current, the pulse-on duration can be increased without
causing surface cracking. At pulse currents in excess
of 32 A, Fig. 3 demonstrates that cracks will be formed
at any value of the pulse-on duration parameter greater
than 18µs. Hence, the present results indicate that when
H13 is machined with an electrode of diameter 6.4 mm,
suitable values of the machining parameters, i.e., val-
ues which avoid the formation of surface cracking, are
pulse currents greater than 4 A and pulse-on durations
less than 18 µs. Reference to Fig. 4 shows that cracks
are evident at virtually all combinations of pulse cur-

rent and pulse-on duration for the EDM machining of
D2 tool steel. Only when the pulse current is larger
than 64 A, is a no-crack zone identified for pulse-on
durations of 6 and 9 µs. Therefore, the current results
suggest that a suitable combination of EDM parameters
for the machining of D2 tool steel involves high pulse
currents and short pulse-on durations.

The peculiar cracking tendencies of the two materials
can be attributed to the difference in their thermal con-
ductivity values. H13 has a larger thermal conductivity
than D2, and is better able to transfer heat away from the
surface during EDM machining. Therefore, cracks are
less likely to be formed in an H13 tool steel than they are
in a D2 material, which has a lower thermal conductiv-
ity [6]. In Fig. 3 (H13), it has been shown that for mate-
rials with a large thermal conductivity, cracks are more
likely to be formed for small values of pulse current.
Therefore, for increased pulse currents, it is possible
to specify a longer pulse duration without causing the
appearance of surface cracks, i.e., the no-crack zone en-
larges as the pulse current increases. These conditions
tend to improve the material removal rate. However
it should be noted that simply increasing the pulse-on
duration does not yield a continuous improvement in
the machining performance. As can be seen in Fig. 3,
when the pulse-on duration exceeds 18 µs, cracks will
begin to form in the machined surface. Therefore, it
would appear that a duration of 18 µs represents the
upper limit of an acceptable pulse-on range. Regarding
the low thermal conductivity material (D2), the results
presented in Fig. 4 show that cracks are readily formed
at most combinations of the EDM parameters, and that
the no-crack zone only becomes apparent at values of
pulse current in excess of 64 A. However, these machin-
ing conditions are unsuitable for precision manufactur-
ing since an accurate EDM machining result is best
achieved by applying a small pulse current for a short
pulse-on duration. The present results suggest that the
optimum machining performance cannot be achieved
by considering only the pulse current and pulse-on du-
ration parameters.

3.3. Influence of electrode size
Fig. 5a–d, respectively, show the H13 surface topogra-
phies for EDM machining with a pulse current of 6 A
and a pulse-on duration of 18 µs with electrodes of
diameter 4, 2, 1 and 0.5 mm. In Fig. 5a, the topog-
raphy exhibits many surface cracks and a high crack
density. However, as the electrode diameter is reduced
to 2 mm and then to 1 mm, the degree of surface crack-
ing lessens. As shown in Fig. 5d, when the diameter is
reduced to 0.5 mm, absolutely no cracks are formed.
Hence, the present results suggest that for constant val-
ues of the pulse current and pulse-on duration param-
eters, reducing the electrode diameter is an effective
means of preventing the formation of surface cracks.

Figs 6 to 8 present the distribution of cracks evident
upon the surface of the D2 tool steel when machined
with electrode diameters of 3.2, 1.5 and 0.8 mm, respec-
tively. The results confirm that the formation of surface
cracks is dependent not only upon the pulse current and
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Figure 5 SEM photograph show that small electrode causes no cracking: (material: H13; 6 A/18 µs): (a) diameter = 4 mm, (b) diameter = 2 mm,
(c) diameter = 1 mm, and (d) diameter = 0.5 mm.

Figure 6 Distribution of surface cracks for D2 and CCL line (diameter
= 3.2 mm).

pulse-on duration, but also upon the choice of electrode
diameter. The figures also introduce the concept of the
Crack Critical Line (CCL), which represents the bound-
ary between the crack zone and the no-crack zone. A
combination of pulse current and pulse-on duration be-
low this line avoids the formation of surface cracks,
while those parameters which lie above the CCL will
likely lead to surface cracking.

A comparison of the results presented in Figs 6–8
shows that for a constant set of EDM parameters, the
location of the CCL is dependent upon the electrode
diameter. It can be seen that for smaller electrode diam-
eters, the position of the CCL within the surface crack
distribution map shifts upwards, and that it shifts down-
wards for larger diameters. The EDM process utilizes

Figure 7 Distribution of surface cracks for D2 and CCL line (diameter
= 1.5 mm).

Figure 8 Distribution of surface cracks for D2 and CCL line (diameter
= 0.8 mm).
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Figure 9 Distribution of surface cracks for D2 and CCL line in different electrode diameters.

a heating effect to carry out machining, and therefore
the resultant surface integrity is largely dependent upon
the heat energy supplied to a unit surface area. The cur-
rent results have shown that for a constant electrode
diameter, increasing the pulse current tends to suppress
crack formation. Furthermore, reducing the electrode
size has the effect of increasing the energy density sup-
plied to the machined surface. Since this is equivalent
to increasing the pulse current, it would be expected
that reducing the electrode diameter would also tend to
suppress crack formation. The results presented in Fig.
5 confirm that this is indeed the case.

4. Discussion
Previously, Lee [15] determined that the slope of the
CCL is dependent upon the material being machined,
and that the slope is greater for materials with higher
thermal conductivity. Although the current results pre-
sented in Fig. 9 indicate that the location of the CCL is
dependent upon the electrode diameter, it can be seen
that the slope of the CCL is constant, i.e., it is indepen-
dent of the electrode diameter. Therefore, the factors
which influence the slope and the location of the CCL
are the thermal conductivity of the material and the
electrode diameter, respectively.

Fig. 10 confirms that the thermal conductivity of the
material changes the slope, S, of the line, while a size
variation of the electrode causes a parallel shift of the
line, and accordingly, changes its intercept, A, with the
y-axis. Therefore, for the same size of electrode, al-

Figure 10 Relationship of CCL between material and electrode
diameter.

though the thermal conductivity of D2 is less than that
of H13 and more cracks are formed, a smaller size of
electrode can be selected for D2 to give a similar dis-
tribution of surface cracks apparent in H13 when ma-
chining with a larger electrode.

The current results demonstrate that an appropriate
choice of electrode diameter and EDM parameters is
effective in preventing crack formation. For the ma-
chining of a higher thermal conductivity material such
as H13, it is possible to employ a larger diameter elec-
trode, and to choose from a wider range of EDM param-
eter values. However, when a material of small thermal
conductivity such as D2 is machined, crack formation
is most effectively suppressed by employing a small di-
ameter electrode, and by avoiding small pulse current
values or excessive pulse-on durations.

5. Conclusion
This study has investigated the influence of EDM pa-
rameters, material thermal conductivity and electrode
diameter upon the surface crack distribution of an
EDMed surface. The main conclusions of this inves-
tigation are as follows:

1. The adoption of larger pulse currents and smaller
pulse-on durations is effective in suppressing the for-
mation of surface cracks.

2. Within the no-crack region, an increased pulse
current allows a longer pulse-on duration to be applied,
which results in an improved material removal rate.

3. The Crack Critical Line will be parallel shifted by
variation of the size of electrode. The intercept of the
line is relative to the size of electrode. The value of the
intercept will become positive for smaller electrode.

4. Reducing the electrode diameter causes an up-
ward shifting of the CCL within the crack distribution
map. This enlarges the no-crack region, thus providing
a greater choice of EDM parameter values which will
suppress surface cracking. Conversely, increasing the
electrode diameter decreases the no-crack region, and
limits the choice of suitable EDM parameters.

5. When using the EDM process to machine high
thermal conductivity materials, a large diameter elec-
trode should be used in order to suppress surface
cracking. However, when machining a low thermal
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conductivity material, surface cracking is best avoided
by selecting a small electrode, and then machining with
a large pulse current and a short pulse-on duration.
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