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Electrical discharge machining (EDM) causes surface defects
such as resolidified layer and microcracks, and a finishing process
is usually needed to remove these defects. In this paper, a hybrid
process was proposed where electrochemical machining (ECM)
was performed as a finishing process after EDM using the same
tool electrode on the same machine. By using two kinds of disk-
type rotary electrodes, rectangular grooves and grooves with con-
vex inner structures were fabricated. Surface topography were
investigated by using scanning electron microscope (SEM),
energy dispersive X-ray spectrometry (EDX), and laser-probe sur-
face profilometer. The material removal mechanism of resolidified
layers was clarified. The surface roughness of the rectangular
groove was improved from 3.82 lm Ra to 0.86 lm Ra after ECM.
Electrode rotation was effective for flushing electrolytic products
when fabricating inner structures. As there is no need for
exchanging tools and machines, tool alignment error can be pre-
vented and productivity can be improved. Therefore, the proposed
EDM/ECM hybrid process contributes to rapid fabrication of
microscale products with high surface integrity.
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1 Introduction

Electrical discharge machining (EDM) is a noncontact process-
ing method which can machine any electrically conductive mate-
rials regardless of their hardness. EDM can also fabricate
complicated microstructures [1–3]. However, EDM causes the
formation of resolidified layers and microcracks on the surface
due to rapid cooling effects [4,5]. When EDMed materials are
used as a mold, microcracks serve as starting points of surface
chippings and even mold fracturing. To remove surface defects, a
finishing process is needed. Mechanical polishing is mostly used
as the finishing process after EDM [6,7]. However, it is difficult to
polish complicated microstructures.

Electrochemical machining (ECM) is an alternative surface
finishing process [8–10]. Unlike EDMed surfaces, there is no
residual stress and no affected layer in ECM [11–13]. Further-
more, ECM does not cause electrode wear [14–16]. However,
most existing ECM processes are performed by changing the
machine and the tool electrodes after EDM, which is time con-
suming and causes alignment errors. Alignment errors are critical
problems in machining complicated microstructures. In recent
years, hybrid EDM/ECM processes have been proposed [17–22],
but there is no available literature on using disk-type rotary tool
electrodes for hybrid EDM/ECM.

In this study, we propose a hybrid process of performing ECM
as a finishing process after EDM. The same rotary disk-type rotary
electrode was used for both ECM and EDM on the same machine
to improve productivity and eliminate the alignment errors due to
exchanging tools. By using a rotary disk-type rotary electrode, the
surface quality and machining speed maybe improved by the
flushing effect [23–25]. Moreover, it prevents from errors due to
electrode wear. In this paper, voltage, tool feed rate, and tool rota-
tion speed were varied to investigate the machining performance.
The capability of high precision machining of complicated
grooves without tool alignment errors was demonstrated.

2 Experimental Method

A copper disk (diameter 51 mm and thickness 2 mm) and
another copper disk with a 500 lm wide groove in the circumfer-
ence were used as electrodes. The nongrooved disk was used to
fabricate a rectangular groove, and the grooved disk was used to
fabricate a groove with a convex inner structure. The workpiece
was stainless steel SUS304 fabricated by rolling process and cut
into blocks by wire-EDM. The size of the grooves to machine was
0.3 mm in depth, 2 mm in width, and 3 mm in length. The tank for
EDM oil and ECM electrolyte was mounted on the stage of EDM
machine (Mitsubishi, Japan, EA8PV). The jig for holding the
workpiece was fixed on the tank (see Fig. 1).

At first, EDM was performed by filling the tank with EDM oil.
After EDM, the oil was drained and the tank was refilled with
ECM electrolyte. Then, ECM was performed as the finishing pro-
cess by using the same electrode and machine used for EDM. A
stabilized DC power supply (Kikusui, Japan, PAS160-2) was used
for the ECM. The hybrid process is schematically shown in Fig. 2.
The machining conditions for EDM and ECM are shown in Tables
1 and 2, respectively. Based on the results of machining

Fig. 1 Schematic of the experimental setup

Fig. 2 EDM/ECM hybrid machining process
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rectangular grooves, conditions were selected for fabricating
grooves with convex inner structures (see Table 3). Tool path in
ECM was the same as that in EDM. Thus, the ECM gap was also
the same as that in EDM (about 65 lm).

Scanning electron microscope (SEM: FEI, Hillsboro, OR,
Inspect S50) was used to observe the machined surface. Energy
dispersive X-ray spectrometry (EDX: HITACHI, Japan, TM3030)
was used to analyze the components of the resolidified layer. A
laser-probe surface profilometer (Mitaka, Japan, MP-3) was used
for measuring the surface roughness and the cross-sectional pro-
files. The surface roughness was measured five times along the
same direction of tool feed path.

3 Results and Discussion

3.1 Removal Mechanism of Resolidified Layer. Scanning
electron microscope images of the EDMed and ECMed surfaces
are shown in Fig. 3. As shown in Fig. 3(a), the EDMed surface is
covered by a resolidified layer. There are craters and microcracks
on the surface. After ECM, residual pieces of the resolidified layer
are observed on the surface (Fig. 3(b)). The resolidified layer has
been broken into small pieces along the microcracks. The size of
the divided resolidified layer is about 10�100 lm. The resolidified
layer is completely removed at higher voltages and lower rotation
speeds (Figs. 3(c) and 3(d)). Finally, the waviness of the surface
was also improved, as shown in Fig. 3(d).

The debris in the ECM electrolyte was collected by a paper fil-
ter and observed by SEM. Figure 4 shows the SEM image and
EDX analysis of the debris. The size of debris is comparable to
the size of the divided resolidified layer of EDM. In EDX analy-
sis, Fe and Cr were detected in the debris as shown in Fig. 4. Since
Fe and Cr are the main components of stainless steel, the debris in

Table 1 Machining conditions in EDM

Electrode’s polarity Positive

Current (A) 4
Pulse on time (ls) 246
Duty ratio 50%
Rotation speed (rpm) 500
Feed rate (mm/min) 0.3

Table 2 Machining conditions in ECM

Voltage: V (V) 6, 8
Rotation speed: x (rpm) 0, 500, 1000, 2000
Feed rate: f (mm/min) 0 (for 3 min), 1, 3
Solution 2 wt % NaNO3

Current type DC

Table 3 Machining conditions in ECM for grooves with convex
inner structures

Exp. no. V (V) f (mm/min) x (rpm)

1 6 1 0
2 6 1 500
3 6 1 1000
4 8 1 0
5 8 1 500
6 8 3 1000

Fig. 3 Machined surfaces by (a) EDM and (b)–(d) ECM
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Fig. 4 should be a part of the resolidified layer of EDM, rather
than the electrolytic products.

According to the observation results, the possible material
removal mechanism is shown in Fig. 5. At first, the resolidified

layer breaks into small pieces along microcracks (Fig. 5(a)). The
pieces of the resolidified layer are peeled by ECM due to the ten-
sile residual stress and bubbles (Fig. 5(b)). The residual stress also
helps to expand the microcracks. ECM-induced bubbles remove
the pieces of the resolidified layer from the unaffected bulk work-
piece. Subsequently, ECM continues on the waved surface of the
bulk workpiece and generates electrolytic products such as Mnþ

and O2 (Fig. 5(c)). Finally, the waved surface of the bulk becomes
smooth (Fig. 5(d)).

3.2 Effect of Tool Electrode Rotation. In order to examine
the effect of rotation of the tool electrode, ECM without tool rota-
tion and ECM with tool rotation were carried out. Figure 6 shows
the SEM images of a surface obtained by ECM without tool rota-
tion. It is clear that ECM was not performed uniformly; smooth
regions and rough regions are observed on the surface.

Figure 7 shows a comparison of the surface ECMed without
tool rotation and with tool rotation. To eliminate possible tool
feed effect, no tool feed was used and the machining time was
3 min for both conditions. In the center region of surface, the gap
between the workpiece and the electrode is minimum. Without
tool rotation, the resolidified layer remained on the center of sur-
face though there is no resolidified layer in the outer region
(Fig. 7(a)). In contrast, the resolidified layer was completely
removed from the surface by introducing the tool rotation
(Fig. 7(b)).

Figure 8 shows schematically the effect of tool electrode rota-
tion. In the case of no tool rotation, the electrolytic products
remain in the gap between the electrode and the workpiece. In
addition, the ECM-induced bubbles remain in the gap which
inhibits the electric current. Thus, ECM was carried out locally.
On the other hand, tool rotation induces a strong flushing effect
which makes electrolytic products flow out of the gap easily.
Therefore, the electrical current in the gap is stable and
continuous.

3.3 Effect of Voltage. The results of ECMed surface rough-
ness at V¼ 6, 8 V are shown in Figs. 9 and 10, respectively. It is a
general trend that surface roughness is improved by using a higher
voltage, lower tool feed rate, and lower tool rotation speed. The
lowest surface roughness was 0.86 lm Ra obtained when V¼ 8 V,
f¼ 1 mm/min, and x¼ 0 rpm. By using a high rotation speed, the
number of microbubbles increased. While microbubbles induce a
flushing effect, they also act as an insulator restricting current to
flow, as shown in Fig. 8. Accordingly, generation of a lot of

Fig. 4 SEM image and EDX results of debris

Fig. 5 Removal mechanism of resolidified layer: (a) after EDM,
(b) early stage of ECM, (c) middle stage of ECM, and (d) end
stage of ECM

Fig. 6 Nonuniformly ECMed surface at V 5 6 V, f 5 3 mm/min: (a) smooth region and (b) rough
region
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microbubbles decreases processing efficiency [26–28]. Also, the
resolidified layer remained due to the decrease of processing effi-
ciency, and the remaining resolidified layer results in the rough
surface. When V¼ 8 V, f¼ 3 mm/min, and x¼ 2000 rpm, the
ECMed surface was rougher than the EDMed surface. This might
be because a few pieces of resolidified layer were peeled off by
the strong flow of fluid, leaving some craters on the surface, as
can be seen in Fig. 11. It was these craters that increased surface
roughness. Tool feed rate is related to ECM processing time. A
lower feed rate leads to a longer processing time, but produces
smoother surfaces. When the voltage is increased, the material
removal rate increases [29,30]. Thus, ECM processing speed is
increased by using a higher voltage. In summary, the conditions

of higher voltage, lower feed rate, and lower tool rotation speed
are advantageous in terms of not only removing the resolidified
layer but also smoothing the wavy bulk surface.

3.4 Effect of Tool Electrode Shape. Figure 12 shows the
SEM images of ECMed surfaces of such grooves at V¼ 8 V with/
without tool rotation. The resolidified layer has been completely
removed for both conditions, and the wavy surface of the bulk
unaffected by EDM was smoothened by ECM. However, in the
case of no tool rotation, the edge of the convex inner structures
became round (Fig. 12(a)). The complicated shape of the
electrode-workpiece gap inhibited the flushing of the electrolytic
from the gap. Thus, using tool rotation is suitable for fabricating
grooves with inner structures in terms of the flushing effect.

Fig. 7 ECMed surface without tool feed for 3 min: (a) without tool rotation and (b) with tool
rotation

Fig. 8 Schematic of tool rotation effect: (a) without tool rotation and (b) with tool rotation

Fig. 9 Surface roughness of ECM at 6 V Fig. 10 Surface roughness of ECM at 8 V
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The cross-sectional profiles of the EDMed and ECMed groove
surfaces at V¼ 8 V are shown in Fig. 13. The corner of the groove
with inner structures became rounded at f¼ 1 mm/min and
x¼ 0 rpm. However, the corners became distinctly shaper at
f¼ 3 mm/min and x¼ 1000 rpm. Therefore, in order to prevent
corner rounding, using a higher feed rate and a higher rotation
speed is effective for machining complicated grooves with inner
structures. In addition, in this research, a DC power supply was
used, thus machining localization was significant. To improve the
form accuracy, using a high-frequency pulse power supply might
be a solution because a pulse current can decrease the effect of
machining localization [31–33]. This will be one of our future
tasks.

Figure 14 shows the surface roughness of grooves with inner
structures obtained at various ECM conditions. The lowest surface
roughness was 1.05 lm Ra, and then V¼ 8 V, f¼ 1 mm/min, and
x¼ 500 rpm were obtained. On the other hand, the highest surface
roughness 2.88 lm Ra was produced at V¼ 8 V, f¼ 1 mm/min,
and x¼ 0 rpm. From these results, it can be concluded that the
disk-type rotary electrode is effective to improve surface rough-
ness for generating complicated grooves with convex inner
structures.

3.5 Electrode Wear. To confirm the electrode wear, we
measured the cross-sectional profiles of EDMed grooves after the

first and the fourth grooving cycles, and the result was shown in
Fig. 15. The difference in the average depth of the two grooves
was 2.4 lm, thus the electrode wear for one machining cycle was
estimated to be 0.8 lm. Although this electrode wear is very
small, it will affect the form accuracy of the machined grooves
and should be compensated in high-precision product fabrication.

4 Conclusions

A hybrid process was proposed where ECM was performed as a
finishing process of EDM without changing the tool electrode and
machine, and its fundamental characteristics were investigated.
Two kinds of grooves including those having convex inner struc-
tures were fabricated by using disk-type rotary tool electrodes.
The main findings include the following:

Fig. 11 ECMed surface (V 5 8 V, f 5 3 mm/min, and
x 5 2000 rpm)

Fig. 12 ECMed surfaces of grooves with convex inner structures: (a) without tool rotation and
(b) with tool rotation

Fig. 13 Cross-sectional profiles of grooves

Fig. 14 Surface roughness for various conditions
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(1) The resolidified layer formed in EDM was disassembled
along the microcracks in ECM, and finally, removed as
small pieces, leaving a smooth surface.

(2) The surface roughness of rectangle grooves was improved
from 3.82 lm Ra to 0.86 lm Ra at V¼ 8 V and f¼ 1 mm/
min without tool rotation.

(3) The rotation of the disk-type electrode was effective to
flush electrolytic products and acquire high surface integ-
rity on complicated grooves with convex inner structures.

(4) Using a higher feed rate and a higher rotation speed was
effective to reduce the edge rounding effect and improve
the form accuracy.
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