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Abstract

In electrical discharge machining (EDM)), it is a much more effective method to improve working characteristics by changing
the input process of pulse energy. However, it has not been investigated enough whether pulse form is the most adequate or
not. In this study, the effect of superimposed pulse current waveform and its parameter on surface integrity was investigated.
The surface topography, roughness, microstructure, white layer thickness, and residual stress were analyzed and discussed.
Moreover, the material removal rate was also tested and compared. The results show that with the backward movement of
the superimposed pulse current, the material removal rate and surface roughness decrease, while the white layer thickness,
residual stress, and surface defects increase. The current waveform has little influence on microstructure. Under the same
pulse discharge energy and pulse-on time, the samples processed by superimposed pulse current waveform instead of rectan-
gular current waveform can obtain a thinner white layer, lower residual stress, fewer surface defects, and high surface rough-
ness. With the increase of superimposed pulse-on time and current, the surface integrity becomes worse due to the increase
of pulse energy. This paper provides a guide to the development and selection of EDM discharge current waveforms in EDM.

Keywords Electrical discharge machining - Superimposed pulse - Current waveform - Material removal rate - Surface
integrity

1 Introduction

Electrical discharge machining (EDM) is a very important
nontraditional machining technology that uses the electric
corrosion phenomenon of pulse discharge between tool elec-
trode and workpiece electrode in the dielectric to process any
conductive materials regardless of their physical and metal-
lurgical properties and make the size, shape, and surface
quality of the parts meet the predetermined requirements
[1-4]. It has become one of the most important machining
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methods indispensable to modern manufacturing technology
with its unique machining mechanism (non-contact machin-
ing between tool and workpiece, no macro cutting forces)
and good and stable machining performance. EDM is mainly
used to solve the processing problems of various difficult-to-
machine materials, complex shapes and parts with special
requirements, and is an important supplement and expansion
of conventional machining [5-8]. Currently, EDM technol-
ogy has been widespread applied in aerospace, automobile,
mold and other fields.

Surface integrity is a technical indicator to describe, iden-
tify and control the possible changes in the machined surface
layer during the machining process of parts [9—11]. It is criti-
cal to their in-service functionality, longevity, and overall
performance, usually characterized by surface topography,
microstructure, residual stress, et al. In general, residual
stress and surface roughness mainly affect high cycle fatigue
lifetimes [12]. However, surface defects (e.g., cracks, grain
deformation, and white layer) have an important influence
on fatigue performance under the condition of both high and
low cycle fatigue regimes [13, 14]. Poor surface integrity
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can easily lead to premature component failure during the
application process. After EDM, the physical and chemi-
cal properties of the surface layer will change in varying
degrees due to the effect of instantaneous high temperature
and dielectric cooling. Although the EDM surface usually
exhibits high hardness, excellent corrosion resistance, and
good wear resistance, the existence of residual tensile stress
and surface crack leads to the decrease of fatigue life. For
instance, compared with the milled and ground components,
the fatigue life of EDM components is reduced by 35% and
50%, respectively [15, 16]. Hence, it is necessary to study
the surface integrity of EDM components for safety—critical
applications and improve the fatigue life.

There are many factors affecting the surface integrity of
EDM (Fig. 1), including dielectric, pulse parameters, mate-
rial properties, et al. In the past, scholars from home and
abroad have done a lot of research on the influence of pro-
cessing parameters on surface integrity. Several researchers
have reported that the material removal rate, surface rough-
ness, residual stress, and white layer thickness increased
with the increase of pulse-on time and discharge current due
to the effect of discharge energy [17-20]. However, Lee and
Amorim found that the material removal rate and surface
roughness did not increase all the time with the increase of
pulse-on time when the current remained constant [21, 22].
This phenomenon is related to the excessive expansion of
plasma channel due to a very long pulse-on time. Exces-
sive plasma channel diameter reduces the pressure of the
plasma on the surface of the molten cavities. Accordingly,
the ejection of material from the molten cavities at the end
of the discharge occurs inadequately, the craters on the sur-
face become large and shallow, and a smoother surface may

Fig. 1 Influence of processing
parameters on surface integrity
in EDM
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produce under the long pulse-on time. In EDM, the molten
materials are not completely removed from the workpiece
surface. The remaining molten materials re-solidified and
form white layer on the surface. The high peak current and
long pulse-on time bring large discharge energy that causes
more materials to melt. Bozkurt et al. showed that the quan-
tity of molten metal on the surface of the workpiece washed
away by the dielectric is constant during EDM [23]. As a
consequence, the white layer thickness increased with the
increase of pulse-on time and peak current. The influence
of peak current on maximum residual stress is greater than
that of pulse-on time, while the effect on the depth loca-
tion of the maximal tensile stress is smaller. Compared
with water dielectric liquid, the residual stress of processed
surface is lower when kerosene is used as dielectric liquid
[24]. However, the white layer is thicker and the surface is
rougher in the kerosene dielectric liquid [25, 26]. Powder-
mixed dielectric is conducive to decreasing the white layer
thickness, surface roughness, and surface cracks density [17,
27]. Because of the difference in physicochemical properties
of dielectric, the microstructure of the EDM is also differ-
ent [25]. In addition, electrode material has a certain influ-
ence on the surface integrity of EDM. The surface residual
stress of the workpiece processed with copper electrode is
lower concerning that with graphite electrode [28]. Among
copper, graphite, and copper-tungsten electrode materials,
copper-tungsten electrode has shown good characteristics
in surface roughness and surface morphology with no crack
formation for processing Incoloy-800 [29]. Processing area
and polarity also play an essential role in affecting surface
integrity. Ming et al. found that the shape accuracy of the
machined stainless steel microstructures increased and the
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eroded microcavities of the machined area reduced with the
increase of electrode-pair scale from @1 mm to ®8 mm [30].
Lee and Li found that when the workpiece is connected with
the negative pole of the power supply, the processing effi-
ciency and surface roughness are higher [31].

In EDM, the pulse parameter is one of the most important
factors affecting the processing characteristics and surface
integrity and is widely researched by scholars at home and
abroad, especially to pulse-on time and peak current. Our pre-
vious study found that even if the energy is the same under
different pulse-on times and current combinations, there are
great differences in the surface integrity of EDM [5]. It is gen-
erally accepted that discharge sustaining voltage is constant
during EDM. Therefore, when the pulse energy is the same,
the different peak currents and pulse-on time combinations
represent different energy input processes. In other words, the
surface integrity of the EDM sample is not only related to
pulse energy but also related to the input processes. Pulse cur-
rent waveform determines the input process of energy and thus
can affect surface integrity. Shinohara and Ishikawa studied the
influences of discharge current pulse shape (ramp-up, ramp-
down, and rectangular) on machining characteristics in EDM
under single pulse discharge [32, 33]. The results showed that
the removal volume per discharge of ramp-up pulse was the
largest under any pulse durations from 60 to 200 ps. De Bruyn
et al. reported that the tool wear ratio significantly increased
when using the trapezoidal current waveform instead of the
rectangular one [34]. Tsai and Lu compared the influence of
rectangular, trapezoidal, and the 1st-order current waveforms
on machining characteristics in EDM [35]. They found that
the rectangular current waveform always results in the largest
material removal rate (MRR) and relative wear ratio (RWR)
due to the highest initial current and shortest current rising
time. The MRR and RWR of trapezoidal are higher than that
of the Ist-order current waveforms. When the trapezoidal, and
the 1st-order current waveforms were used in EDM, the MRR
and RWR decreased with the increase of current rising time.
However, the pulse energy of these three waveforms used in
EDM is not the same. Thus, this study does not really elucidate
the effect of different current waveforms on machining char-
acteristics. Liu et al. researched the effect of pulse shape on
the EDM performance of Si;N,-TiN ceramic composite [36].
The findings show that discharge pulse type and its related
pulse parameters affect processing performance, surface tex-
ture, and microstructure by affecting material removal mecha-
nisms. Although the iso-energetic pulse has high MRR, and
the surface fabricated by which is relatively smooth, the RWR
is high and the flexural strength decreases. On the contrary, the
relaxation pulse exhibits a low RWR and satisfies satisfactory
machining speed, but the surface is rougher and showed more
micro-pores [36]. Yue et al. found that the material removal
volume in the discharge with the end composite pulse could
be twice as high as that with the square pulse under the same

discharge energy through single pulse discharge machining
experiments. Meanwhile, due to high molten material removal
rate of the end composite pulse, the thickness of the recast
layer generated in the discharge with the end composite pulse
was much thinner than that with the square pulse under the
same discharge energy [37]. These researches indicated that it
is a much effective method to improve processing characteris-
tics by making a change the current waveform.

Up to now, it has not been investigated enough whether
the current waveform is most adequate or not. Although some
scholars researched the influence of the current waveform on
processing characteristics, the effect on surface integrity is
seldom reported. More importantly, the previous studies were
based on single-pulse discharge or the discharge energy used
to process is different. It is difficult to compare the machining
characteristics and surface integrity of different current wave-
forms. Meanwhile, the effect of superimposed pulse current
waveform on processing characteristics and surface integrity is
not reported. Therefore, in this study, we researched the effect
of superimposed pulse current waveform and its pulse param-
eter on processing characteristics under the same discharge
energy. The MRR, surface topography, roughness, microstruc-
ture, and residual stress were investigated and compared. This
article can provide some reference for the development of new
current waveform.

2 Materials and methods
2.1 Materials

Mold manufacturing is the main application field of EDM.
The material used for the mold is mostly molded steel. The
STAVAX steel has excellent mechanical properties and terrific
corrosion resistance, which is widely used as a mold material.
Thus, it is selected as the workpiece material in this study.
The chemical composition and its weight percent are shown
in Table 1. Figure 2 exhibited the microstructure of STAVAX
steel. The size of workpiece is 60X 60x 5 mm®. In EDM,
copper electrode is often used to process steel due to their
high thermal conductivity and relatively low price. Therefore,
the copper rod with the dimension of @10 mm X 120 mm is
used as tool electrode in the research. Kerosene is used as a
dielectric.

Table 1 Composition of workpiece material (Wt%)

C Si Mn Cr \% Fe

0.38 0.9 0.5 13.6 0.3 Balance
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Fig.2 Phase composition of workpiece material

2.2 Influence of superimposed current waveform
on discharge sustaining voltage

As we all know, when the discharge current waveform shape
is rectangular, the discharge sustaining voltage is constant.
However, the variation of the discharge sustaining voltage
under the non-rectangular current waveform is unknown.
Therefore, we investigated the effect of superimposed pulse
current waveform on discharge sustaining voltage. The
circuit diagram of power supply is exhibited in Fig. 3a.
Figure 3b shows the discharge waveform collected by an
oscilloscope. It is clear that the discharge sustaining voltage
is slightly higher at the superposition of the pulse current.
Since the fluctuation of the discharge sustaining voltage is
not large, it can still be regarded as a fixed value. Therefore,
discharge energy is determined by current waveform and
pulse parameters.

2.3 Machining experiment

The machining experiment was carried out by an indus-
trial EDM machine tool (Fig. 4). The typical superimposed
pulse current waveform used in the experiment is shown in
Fig. 5. The superimposed pulse delay time t;=0, (t,,-t,)/2,
and (t,,-t,) are respectively defined as the front (waveform
A), middle (waveform B), post (waveform C) superimposed
pulse current waveform. The rectangular current waveform
(waveform D) under the same pulse discharge energy and
pulse-on was used as the control group. Figure 6 displayed
the discharge current waveform under different pulse param-
eters. The machining parameters used to study the influence
of superimposed pulse current position on surface integrity
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and MRR are exhibited in Table 2. Since the current wave-
form is not a standard geometry and pulse parameters cannot
be adjusted continuously, it is difficult to guarantee the same
pulse discharge energy for different current waveforms. Rel-
ative to the total discharge energy, the difference in energy
between different waveforms can be ignored in this study. To
avoid the effect of initial stress of materials, the workpiece
material was stress-relieved before EDM for ensuring stress-
free conditions. Briefly, the sample was heated to 650 °C,
held for 2 h, slowly cooled to 500 °C, and then placed in air
to cool. The processing depth is set as 0.3 mm.

2.4 Test method

Surface morphology is investigated by the field emission
scanning electron microscope (SEM). Surface roughness
is measured by a surface roughness profiler. The sampling
length of the surface roughness is 4 mm. The value of As and
Ac are 0.0025 mm and 0.8 mm, respectively. The crystal-
line phase was examined by X-ray diffraction (XRD). The
diffraction angle 20 ranges from 20 to 90°. To study the
influence of discharge current waveform on material removal
performance, MRR was calculated in this study. The mass
of EDM sample before and after processing is weighed by
electronic balance. The machining time is recorded by stop-
watch. The MRR was equal to the mass of removal mate-
rial divided by the processing time. The residual stress is
tested by a portable X-ray stress analyzer (p-X360n). The
white layer thickness is observed and measured by optical
microscopy (Fig. 7a). Briefly speaking, the EDM sample
is embedded in a polymeric resin and polished by polish-
grinding machine. Then, the sample is cleaned and followed
by etching in Nital (4%) solution. After that, the white layer
of EDM sample is investigated by optical microscopy. Fig-
ure 7b displayed an example of the cross-section and the
calculation of the thickness of the white layer.

3 Results and discussion
3.1 MRR

Figure 8 showed the MRR of EDM under different current
waveforms. From waveform A to waveform D, the change
trend of the material removal rate when the pulse-on time
is 8 ps is the same as that when the pulse width is 19 ps. It
can be seen that the MRR decreased with the increase of
ty. The MRR of waveform A is about twice and three times
that of waveform B and C, respectively. The energy of the
superimposed pulse is less than 20% of the total discharge
energy. However, the material removal rate varies greatly
due to the difference in the position of the superimposed
pulse. Therefore, ty has an important influence on MRR.
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It further proved the importance of the energy input pro-
cess to processing characteristic. Motoki and Ikai research
results also indicate that the pre-superimposed pulse current
waveform has a higher material removal rate [38]. How-
ever, Yue et al. showed that end composite pulse has the
higher material removal rate through single pulse discharge
machining experiments [37]. The reason for this difference
may be due to the difference between single pulse discharge
and continuous pulse discharge. In addition, in their study,
the superimposed waveform is a triangular current wave-
form, while the superimposed waveform is a rectangular
current waveform in our research. These reasons may lead
to differences in research results. The MRR of waveform D
is lower than that of waveform A but higher than those of
waveforms B and C. The results indicated that applying a
high discharge current in the early stage of discharge can
improve the machining efficiency. A previous study reported

Discharge sustaining voltage
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Superimposed pulse
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that the high current with short pulse-on time had a higher
MRR than the low current with long pulse-on time when
the discharge energy is the same [5]. This is because the
former has a larger heat flux density, resulting in a larger
pressure acting on the surface of the molten material, thus
making the MRR larger. With the increase of pulse-on time,
the diameter of the plasma channel also increased. The pres-
sure acting on the melting pool gradually decreased, result-
ing in the MRR decreased. For superimposed pulse current
waveform, when the current in the later stage of discharge
is large, the pressure of the plasma channel on the molten
pool is small due to the large plasma channel, so it has lit-
tle effect on the MRR. When the pulse-on time increased
from 8 to 19 ps, the MRR increased due to the increase of
pulse energy. Compared with pulse-on time, the current has
more important influence on MRR. For a rectangular current
waveform, the discharge energy at a pulse width of 19 ps
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Fig.4 Machine tool used in
EDM experiments
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Fig.5 Superimposed pulse current waveform

is more than twice that at 8 ps. However, the difference in
MRR is not significant. When the pulse width is too large,
the material removal power is small in the later stage of the
discharge due to the increase of the plasma channel, so the
MRR increases slowly. Consequently, when the pulse width
is too large, the MRR does not increase significantly.

3.2 Surface topography

Figures 9 and 10 presented the surface topography of sam-
ple produced by different current waveform. It is clear that
the EDM surface consists of many overlapping discharge
craters. Thus, there is no directivity on the surface of EDM
sample. Some cracks, debris, and micro-voids were observed
on the surface of EDM samples due to the rapid heating
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and cooling during EDM. The generation of surface cracks
attributed to the stress produced by EDM exceeds the tensile
strength limit of the material. The formation of micro-void
is caused by the bubbles expelled from the molten material
during the process of cooing. The existence of debris is due
to the splashed molten material that falls back to the surface
and solidifies, and thus, the shape of debris is usually spheri-
cal. With the increase of t;, the cracks increased. The rea-
son for this phenomenon may be due to the backward shift
of the superimposed pulse current, which leads to a higher
heat flux density in the later stage of discharge, as well as
a large amount of residual molten metal remaining on the
surface of the workpiece during the processing, resulting
in higher stress generation. Consequently, the waveform C
has more surface cracks than waveform A and B. The sam-
ple surface fabricated by waveform D had the most cracks.
It is demonstrated that superimposed current waveform is
beneficial to reduce to surface cracks, especially to the front
superimposed pulse current waveform. From Fig. 10, we
can find that the surface produced by the rectangular current
wavefrom is flatter than that produced by the superimposed
pulse current waveform. In addition, for the rectangular cur-
rent waveform, compared to the long pulse-on time (19 ps),
the short pulse-on time (8 ps) has a rougher surface and
less cracks. It is consistence with the previous study [5].
Therefore, when the discharge energy is larger, the surface
is not necessarily rougher. The surface topography is related
to the combination of current waveform and pulse-on time.

The influence of current waveform on surface roughness
is shown in Fig. 11. It can be seen that the sample processed
by waveform D had the lowest surface roughness, while that
manufactured by waveform A exhibited the highest surface
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Table 2 Processing parameters Waveform ty (1s) t, (1s) t,, (1) tor (US) I, (A) L, (A)
A 0/0 8/19 19 1.7 34
B 3/8 8/19 19 1.7 34
C 6/17 8/19 19 1.7 34
D - 8/19 19 2.15/1.95 -

Fig. 7 Optical microscopy (a)
and the calculation of the thick-
ness of the white layer (b)

roughness. With the backward shift of superimposed pulse
current, the surface roughness of EDM sample decreased.
For the waveform A, the roughness of the machined surface
when the pulse width is 8 ps is slightly lower than that when
the pulse width is 19 ps. However, for waveform B, C, and
D, the roughness of the machined surface when the pulse

PP p——

S
R

White layer (Aera) Thickness=Area/Length

P —

Machined surface

|
1
]
|
]
|
\
1
.-|_=
-
=
L}
)
\
\
|
U
U

width is 8 ps is higher than that when the pulse width is
19 ps. In general, when the MRR is large, the surface rough-
ness is also high. However, in this study, we found that when
the MRR is high, the surface roughness is not necessarily
high. Therefore, there is no specific relationship between
surface roughness and MRR. In fact, surface roughness is
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Fig.8 The MRR of EDM under the different current waveform

determined by surface topography. High material removal
rate does not mean large surface fluctuation. In EDM, the
diameter of plasma increases with the increase of pulse-on
time or current. When the plasma channel becomes large,
its energy density decreases. Therefore, the pressure of the
plasma over the molten cavities decreased. Although the
diameters of craters increase, the depth does not necessar-
ily increase or may even decrease due to the influence of
the expanding plasma channels. Lee et al. found that when
the pulse width exceeds a certain value and continues to
increase, there is a downward trend in surface roughness,
and the critical value of pulse width is related to the magni-
tude of pulse current [21]. Therefore, surfaces are not neces-
sarily rougher at high MRR. These results indicated that the
appropriate machining parameters play an important role in
improving EDM properties.

3.3 Surface components

The process of EDM is a fairly complex microscopic and
transient process, including the breakdown of the medium
and the formation of the channel, the energy distribution
and heat transfer, the throwing and transfer process of the
galvanic corrosion products, and the pyrolysis and colloid
chemical process of the working fluid. Moreover, it is also
accompanied by vocalization, luminescence and electro-
magnetic radiation. Therefore, the surface components of
EDM surface would change. The composition of electrode
material will be detected on the workpiece surface due to the
serious alloying of surface materials in EDM. For example,
the element of Cu appeared on the EDM surface (Fig. 12).
Figure 13 displayed the microstructure of different samples.
There are a-Fe, y-Fe, and cementite on the EDM surface. In
EDM, kerosene would decompose and produce carbon due
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to the extremely high temperature of the plasma channel.
Therefore, the carburization phenomenon existing during
EDM. Combined with rapid cooling, resulting in microstruc-
tural transformation. No significant difference in microstruc-
ture on the sample surface processed by different discharge
current waveform. The results implied that the current wave-
form has little effect on the microstructure.

3.4 White layer

The thickness of white layer has an important influence
on the service life of samples. Therefore, it is necessary to
investigate the white layer thickness, whose the result was
shown in Fig. 14. From this figure, it can be found that the
white layer of sample machined by waveform A was the
thinnest. Compared with the superimposed pulse current
waveform, the rectangular current waveform can produce
the thicker white layer. For the superimposed pulse cur-
rent waveform, the white layer thickness increased with the
increase of t;. The order of the thickness of the white layer
on the surface of each waveform processed sample does not
change due to the change of the pulse-on time. In EDM, the
thickness of white layer depends on the amount of remaining
molten materials. Combined with the result of MRR, we can
conclude that the amount of molten materials under different
current waveform is different even if the discharge energy
is the same. When the pulse-on time increases, the white
layer thickness also increases. The increase of pulse-on time
causes the increase of pulse energy, resulting in more heat to
be transferred to the workpiece surface. Thus, the amount of
molten materials also increases. Since only a small amount
of molten material is removed from the workpiece surface,
and the material erosion kinetics is reduced when the pulse
width is larger, the thickness of the white layer increases.

3.5 Residual stress

Figure 15 revealed the test result of residual stress for dif-
ferent discharge current waveforms. Apparently, all EDM
sample surfaces exhibited high residual tensile stress.
Compared with other current waveform used in this study,
the residual stress of sample surface fabricated by wave-
form A is the lowest. Residual stress increased as the tg
increase. The residuals stress of sample fabricated by
waveform C was slightly lower than that of sample man-
ufactured by waveform D. Therefore, discharge current
waveform has a significant influence on residual stress.
Compared with the samples processed with short pulse
width, the residual stress on the surface of the samples
processed with long pulse width is larger. The residual
stress in EDM is as a result of the common action by ther-
mal stress and phase transformation stress. The formation
of thermal stress is attributed to the uneven deformation
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Fig.9 Surface topography of
sample fabricated by EDM
when the pulse-on time is 8 ps:
(al, a2) waveform A, (b1, b2)
waveform B, (c1, c2) waveform
C, (d1, d2) waveform D

of materials caused by temperature changes, which is
affected by the temperature gradient. In EDM, the micro-
structure of materials is due to the effect of carburization
and change of temperature. From Fig. 13, it can be seen
that the microstructure of EDM sample surface processed
by different current waveform is not significantly different.
It is indicated that the difference in residual stress is owing
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to the difference of thermal stress. Therefore, the current
waveform can affect the magnitude of thermal stress by
affecting the distribution of temperature, thereby affecting
the residual stress. The increase of pulse-on time leads
to the increase of discharge energy, and thus more heat
transfer to the workpiece surface. Therefore, the thermal
stress is higher under the condition of long pulse-on time.
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Fig. 10 Surface topography

of sample fabricated by EDM
when the pulse-on time is 19 ps:
(al, a2) waveform A, (b1, b2)
waveform B, (c1, c2) waveform
C, (d1, d2) waveform D

4 Conclusions

The paper investigated the influence of superimposed pulse
current waveform on surface integrity in EDM. The surface
topography, roughness, microstructure, white layer thick-
ness, and residual stress were measured and analyzed. In
addition, the material removal rate was also investigated.
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Some important findings in this study were summarized as
follows.

(1) As the superimposed pulse current moves back, the
material removal rate and surface roughness decreased,
while the white layer thickness, surface defects, and
residual stress increased. When the pulse-on time
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increases, the material removal rate, white layer thick-
ness, residual stress also increase.

The surface roughness does not necessarily increase
with the increase of pulse-on time. Therefore, when the
material removal rate is high, the surface roughness is
not necessarily high. In other words, there is no specific
relationship between material removal rate and surface
roughness. The surface roughness is determined by sur-
face topography.

Compared with the sample processed by the front
superimposed pulse current waveform, the sample
processed by the rectangular current waveform has
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Fig. 13 Effect of current waveform on microstructure under the pulse
width of 19 ps
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Fig. 14 Influence of current waveform on white layer thickness

the lower surface roughness, higher white layer thick-
ness and residual stress. Moreover, the former has a
higher material removal rate than the latter. The cur-
rent waveform has little effect on microstructure. The
microstructure of EDM surface included o-Fe, y-Fe,
and cementite.
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