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Abstract

It has been previously reported that electrical discharge machining (EDM) performance can be improved by tool electrode
vibration. However, the mechanism of vibration-assisted EDM has not been clarified and the optimal vibration condition remains
unknown due to the difficulty in direct process observation. In this study, direct observation of the EDM gap by using a high-
speed video camera through a transparent workpiece electrode made of single-crystal 4H-SiC was attempted. It was found that
tool vibration caused discharge dispersion and discharge frequency increase, and this tendency was more significant at higher
amplitudes and higher frequencies. In addition, tool vibration-induced periodic discharge was observed, which prevented con-
centrated discharge and short-circuiting. Accordingly, the machining speed was improved and surface roughness was reduced.
This study succeeded for the first time in observing the discharge behaviors in vibration-assisted EDM, thus revealed the effects
of key parameters for process optimization.

Keywords Electrical discharge machining - Vibration-assisted EDM - Transparent workpiece electrode - High-speed video

camera - Discharge distribution

1 Introduction

Electrical discharge machining (EDM) is a noncontact
machining method that works on the thermal effect of
electrical discharges [1]. EDM can be used for any elec-
trically conductive materials regardless of their hardness
[2—4]. In addition, EDM can precisely transfer the shape
of the tool to the workpiece, which enables the fabrica-
tion of various surface shapes [2, 5-7]. Due to these
advantages, EDM is widely used for fabricating high-
added-value products like molds for press/injection
molding [8, 9].

However, there is a serious problem in EDM that
debris is hardly removed from the gap between the tool
and workpiece. This causes short-circuiting and concen-
trated discharge which makes the machining process un-
stable. To solve this problem, some methods have been
proposed to help eject debris by activating the working
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fluid flow. For example, in die-sinking EDM, tool vi-
bration has been introduced.

It has been reported that vibration-assisted micro-
EDM enhances machining performance, and the reason
for this has been considered as ultrasonic vibration-
induced cavitation effects. The machining speed and
surface quality were improved because bubbles helped
emit debris [10—12]. However, even without cavitation
effects, vibration-assisted EDM still showed higher ma-
chining performance than conventional EDM [13-17].
From this meaning, there might be other factors
governing the mechanisms of vibration-assisted EDM.
One of the possible factors is oil flow caused by tool
vibration. The oil flow diffuses and ejects debris, which
would prevent short-circuiting or discharge concentra-
tion. This would result in uniform discharge distribution
and higher discharge frequency.

However, these phenomena have not been observed
or verified, and the mechanism of electrical discharging
in vibration-assisted EDM remains still unclear because
the direct observation of an EDM gap is extremely dif-
ficult. The distance between the tool and the workpiece
is often less than 10 pwm, which is too small to accom-
modate a camera. Moreover, the discharges emit bright
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Table 1 Properties of 4H-SiC Table 2  Experimental conditions
Surface plane (0001) Group 1 Group 2
Doping type N-type
Electrical resistivity (€2/cm) 0.015~0.028 Voltage (V) 110
Mohs hardness 92 Condenser capacitance (pF) 3300
Thermal conductivity (W/em-K) 3.7 Feed rate (lm/s) 0.5
Melting point (°C) 2730 Polarity 4H-SiC (+)
Sublimation temperature (°C) 2830 Cu)
Diclectric constant 9.76 Dielectric fluid EDM oil (CASTY-LUBE EDS)
Band gap (¢V) 323 Amplitude (um) 0.5,1.0,1.5 1.5
Frequency (Hz) 500 50, 100, 250, 500

lights and cause bubbles, which disturb the direct obser-
vation of the charges. Due to the difficulty in experi-
mental observation, some previous studies aimed to in-
vestigate the gap phenomenon with numerical simulations

Fig. 1 (a) Schematic diagram and
(b) photograph of the
experimental setup
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[18-20]. In recent years, the EDM gap phenomena were
directly observed by using a transparent electrode from
the direction normal to the workpiece, and the discharge
spots were successfully observed by Kunieda et al.
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[21-24]. This observation method might provide the pos-
sibility of examining the gap phenomena in vibration-
assisted EDM.

In this study, the direct observation of gap phenom-
ena via a transparent workpiece electrode made of
single-crystal 4H-SiC was applied to vibration-assisted
EDM, and the locations of discharges were successfully
observed. For these results, the discharge distribution
and the discharge frequency were evaluated. In addition,
other differences in the discharge phenomenon corre-
sponding to various vibration conditions were analyzed
and compared. The findings from this study will reveal
the fundamental mechanism of vibration-assisted EDM
and contribute to the optimization of EDM processes.

2 Experimental method

An experiment was performed using a high-precision
micro-EDM machine (Panasonic MG-ED72) which has
a resistor—capacitor (RC) pulse generator. The workpiece
material was an n-type single-crystal 4H-SiC (4 mm x
4 mm x 350 um) with a CMP finish. The properties of
the 4H-SiC are shown in Table 1. This material has
sufficiently low electrical resistivity so that it can be
machined by EDM, and sufficiently high transparency
to visible light, enabling direct observation of discharge
phenomena [21]. A copper cylinder (1 mm in diameter)
was used as the tool electrode. To generate vibration,
the tool was equipped on a piezoelectric actuator, as
shown in Fig. 1 (a). Die-sinking EDM was performed

Fig.2 A high-speed video frame:
(a) general view, (b) magnified
view showing a discharge
occurring near the boundary of
two meshes

and the EDM gap phenomena were observed through
the 4H-SiC electrode using a high-speed video camera
(Keyence VM9000). The frame rate of the high-speed
video camera was set to 1000 fps, and the resolution to
640 x 480 pixel.

The experimental conditions used in the experiment
are shown in Table 2. Two groups of experiments were
performed. First, the effect of vibration amplitude was
investigated in comparison with non-vibration assisted
EDM. In the second experiment, the effect of vibration
frequency was investigated. The amplitude was set to
1.5 pm because this amplitude showed the best results
in the preliminary experiments. In each group of exper-
iments, the distribution of discharges, the number of
discharges and resulting machining speed were investi-
gated. In addition, to investigate the vibration effects on
machined surface topography, the EDMed surface (ma-
chining depth 200 pum) was observed by a scanning
electron microscope (SEM: FEI Inspect F50) and mea-
sured by a white light interferometer (Ametek Talysurf
CC11000) and a non-contact laser-probe profilometer
(Mitaka MP-3).

3 Results and discussion
3.1 Effect of vibration amplitude
An arbitrary video frame of EDM gap is shown in Fig.

2 (a). Discharge spots were successfully observed
through the transparent workpiece electrode. The image

/ Tool
Upper mesh is treated
as discharge spot
Discharge
(a) (b)
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Fig. 3 Distributions of discharge ratios in EDM with different vibration amplitudes: (a) without vibration, (b) 0.5 pm, (¢) 1.0 um, and (d) 1.5 um ata

constant frequency of 500 Hz

Fig. 4 The number of discharges
at different amplitudes
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Fig.5 Electric current waveforms observed at different vibration amplitudes: (a) without vibration, (b) 0.5 pm, (c) 1.0 pm, and (d) 1.5 pm at a frequency

of 500 Hz

was divided by 21 x 21 meshes to investigate discharge
distribution. The discharge occurrence in each mesh for
a period of 50 ms was counted. When a discharge oc-
curred near the boundary of two adjacent meshes, as
shown in Fig. 2 (b), the discharge was counted to the
mesh in which the discharge center was located.

Figure 3 shows the distributions of discharge ratios in
EDM without vibration assistance and vibration-assisted
EDM at different amplitudes (frequency 500 Hz) during
a period of 50 ms. The distributions of vibration-
assisted EDM (Fig. 3 (b)-(d)) were more uniform than
that of EDM without tool vibration (Fig. 3 (a)).
Figure 4 shows the change in the total number of dis-
charges in all meshes for 50 ms. Vibration with ampli-
tudes of 1.0, 1.5 pm induced more discharges than that
without vibration; while vibration with an amplitude of
0.5 pum resulted in fewer discharges than that without
vibration. In addition, the number of discharges at 1.0,
1.5 pum increased step by step at every 2 ms. This
tendency was also confirmed from the electrical current
waveforms at different amplitudes as shown in Fig. 5.

In Fig. 5, sharp electrical current peaks appeared ap-
proximately at every 2 ms for vibration amplitudes of
1.0 and 1.5 um. Among the peaks, almost no discharge
occurred. This phenomenon might have occurred
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Fig. 6 Time for machining 200 um deep at different vibration amplitudes
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Fig. 7 Distribution of discharge ratios at different vibration frequencies (a) 50 Hz, (b) 100 Hz, (c) 250 Hz, and (d) 500 Hz at a 1.5 pm amplitude

Fig. 8 The number of discharges
at different frequencies
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(a) Concentration

(d) Concentration

(b) Spreading
[25 ms after (a)]

(e) Spreading
[268 ms after (d)]

because the gap between the tool and the workpiece
increased periodically over the threshold distance for
discharge occurrence in vibration-assisted EDM. In the
case of 0.5 pm amplitude, however, no periodicity
could be identified in discharge occurrence. Figure 6
shows the time taken to machine a 200 pm-deep hole
at different amplitudes with a frequency of 500 Hz. The
machining time was greatly reduced by vibration-
assisted EDM and at large amplitudes.

3.2 Effect of vibration frequency

Figure 7 shows the distribution of discharge ratios in
vibration-assisted EDM at different frequencies with a fixed
amplitude of 1.5 um. The discharge distribution was

(c) New concentration
[28 ms after (a)]

(f) New concentration
[398 ms after (d)]

Fig. 10 High-speed video frames taken before short-circuiting: (a)-(c) EDM without tool vibration, (d)—(f) vibration-assisted EDM at 1.5 um and 500 Hz
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Fig. 11 Electrical current waveform measured in vibration-assisted EDM at 1.5 pwm and 500 Hz: (a) stable machining, (b) concentrated discharge before

short-circuiting

relatively more uniform at 500 Hz than other frequencies. vibration (50 Hz: 20 ms, 100 Hz: 10 ms, 250 Hz: 4 ms,
Figure 8 shows the total number of discharges during a 500 Hz: 2 ms). This suggests that tool vibration with an
period of 50 ms. In all conditions, the number of discharges ~ amplitude of 1.5 um has caused a periodical discharge phe-
increased step by step at the same cycle time as tool =~ nomenon. The amount of discharges is largest at the highest

SEM Image 3D profile

10 um
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Fig. 12 Discharge craters in

EDM without tool vibration
1
2
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frequency 500 Hz, although there was no clear difference
among 50, 100, and 250 Hz. Figure 9 shows the machining
time of a 200 um-deep hole at different frequencies with
1.5 um amplitude. The machining time is reduced particu-
larly at 500 Hz, which is similar to the tendency of discharge
number in Fig. 8.

3.3 Discharge phenomena before short-circuiting

Short-circuiting is the main drawback in EDM, which
severely lowers the machining efficiency and stability.
Thus, the investigation of discharge phenomena before
short-circuiting is essential for preventing the occurrence
of short-circuiting. In this study, a peculiar discharge
concentration phenomenon was observed before the oc-
currence of short-circuiting. Figure 10 shows typical
high-speed video frames. First, once discharge concen-
tration occurred (Fig. 10 (a)), the area of the concen-
trated discharge spread in a distorted ring shape (Fig. 10

(b)). After this, a new discharge concentration region
occurred in the previous concentration area (Fig. 10
(c)). The new discharge concentration region also spread
in a ring shape and finally resulted in short-circuiting.
Therefore, the cyclic discharge concentration phenome-
non might be a transition stage to short-circuiting. Similar
phenomenon was also observed in vibration-assisted EDM
(Fig. 10 (d)—(f)), although the discharge concentration was
less frequent than that in EDM without tool vibration. In
addition, unlike in EDM without tool vibration, the no-
discharge period in vibration-assisted EDM disappeared be-
fore short-circuiting, as shown in Fig. 11, indicating an ac-
tive discharge mode even before short-circuiting.
Furthermore, during continuous observation, it was found
that the period of discharge concentration before short-
circuiting was 10~30 ms in EDM without tool vibration,
and 200~1000 ms for EDM with tool vibration. This may
suggest that tool vibration can delay and prevent short-
circuiting as compared with EDM without tool vibration.

SEM image

3D profile

10 um

Fig. 13 Discharge craters in

vibration-assisted EDM (1.5 pm—

500 Hz)
1
2
3

10 um
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3.4 Effect of tool vibration on surface quality

Vibration effects on surface topography were investigated by
surface observation after machining. First, typical single dis-
charge craters in EDM without tool vibration and vibration-
assisted EDM were observed as Figs. 12 and 13, respectively.
In EDM without tool vibration, the sizes of craters are almost
the same (Fig. 12); whereas the sizes of craters differ obvious-
ly in vibration-assisted EDM (Fig. 13). This indicates that tool
vibration causes the change of discharge gap width, and in
turn, alters the size of discharge craters.

Figure 14 shows the SEM images of the surface after EDM
without tool vibration and vibration-assisted EDM at 1.5 um
and 500 Hz. The surfaces were observed after ultrasonic
cleaning in ethanol for 10 min. There were many re-

im

(a)

im

(c)

solidified debris on the surface of EDM without tool vibration
(Fig. 14 (a), (b)). In contrast, there were few re-solidified de-
bris on the surface of vibration-assisted EDM (Fig. 14 (c), (d)).
Presumably, oil flow caused by tool vibration has minimized
the debris from the surface. This is similar to the oil flow
effects generated by tool rotation in EDM of 4H-SiC, where
few re-solidified debris was found on the machined surface at
a voltage of 110 V [25].

Figure 15 shows a comparison of surface roughness after
EDM without tool vibration and vibration-assisted EDM.
Figure 16 shows typical cross-sectional profiles of the mea-
sured surfaces. The surface roughness was calculated as the
average value of 5 different measurements. The surface rough-
ness and its standard deviation both became smaller after in-
troducing tool vibration with an amplitude of 1.0 and 1.5 pm.

~

Re-solidified
debris

(b)

(d)

Fig. 14 SEM images of EDM-ed surfaces: (a) without tool vibration, (c) vibration-assisted EDM at 1.5 um and 500 Hz. (b) and (d) are magnified view of

(@
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This would be due to the uniform distribution of discharges as
well as suppression of debris re-solidification on the surface in
vibration-assisted EDM.

3.5 Mechanism of vibration-assisted EDM

The aforementioned results have demonstrated that EDM per-
formance can be improved by introducing tool vibration. The
effect of tool vibration might originate from multiple aspects.
Once a discharge occurs, a bubble is generated, and further
discharges easily occur at the bubble boundaries where debris
is concentrated [22]. The bubble generation is also affected by
the viscosity of a dielectric fluid. A dielectric fluid of low
viscosity is preferable in vibration-assisted EDM. The concen-
trated discharges on the boundary of bubbles cause subse-
quently concentrated discharges and further formation of de-
bris, as shown in Fig. 17 (a)—(c). This may be a typical mech-
anism for short-circuiting in EDM without tool vibration. In
vibration-assisted EDM, however, the occurrence of short-
circuiting is suppressed because there is a no-discharge period
in every cycle of tool vibration (see Fig. 5). As discharge
concentration tends to occur at the boundary of bubbles, as
shown in Fig. 17 (d), it would be stopped due to the no-
discharge period, as shown in Fig. 17 (e). During the no-
discharge period, tool vibration spreads the debris and bub-
bles, which prevents discharge concentration at the boundary
of bubbles. This effect can be seen from the uniform distribu-
tion of discharges (see Fig. 3). As a result, vibration-assisted
EDM prevents short-circuiting and demonstrates higher ma-
chining speed, as shown in Fig. 17 (d)—(f). In addition, the
uniform distribution of discharge in vibration-assisted EDM
can prevent the shape deviation of a workpiece and uneven
tool wear. If there is unevenness on the workpiece surface or

tool surface, discharge concentration will occur intensively
because the working gap would be highly location dependent.

Next, the effect of vibration amplitude is considered.
An amplitude of 1.5 um showed the highest efficiency
(see Fig. 6). This would be because tool vibration with
a larger amplitude emits more fluid and debris from a
discharge gap. Therefore, a larger amplitude is favorable
for vibration-assisted EDM. If the vibration amplitude is
too small, for example 0.5 pum, the unification of dis-
charge distribution and diffusion of debris will be insig-
nificant and not enough to prevent short-circuiting.
However, even in this case, catastrophic short-circuiting,
which stops machining and requires machine restart, is
prevented and total machining time is decreased as
compared with EDM without tool vibration.
Theoretically, the optimum amplitude of vibration is de-
pendent on the discharge gap. If the discharge voltage is
high and the discharge gap is big, a large amplitude of
vibration is preferable, and vice versa. If the amplitude
is too large, however, it would decrease the machining
speed because the no-discharge period in every cycle of
tool vibration becomes longer.

The effect of vibration frequencies may be due to the
difference in discharge periods. Tool vibration at a suf-
ficiently large amplitude (~1.5 pm) causes no-discharge
period which suppresses discharge concentration and
improves machining speed. In cases of frequencies low-
er than 500 Hz, however, the discharge may continue
too long. As a result, more short-circuiting occurs,
which hinders the EDM process. Thus, the optimization
of vibration amplitude and frequency in vibration-
assisted EDM is important to improve the machining
efficiency, stability, and surface quality.

Fig. 15 Effect of tool vibration on 14
surface roughness

5)

Surface roughness Ra [um] (n
(e
(@)}

0.0

-
5T
T T T
J. 1 1 1
Without 0.5um- 1.0pum- 1.5pm- I1.5um- 1.5pum- 1.5um -
vibration 500Hz 500Hz S50Hz 100Hz 250Hz 500 Hz

@ Springer



Int J Adv Manuf Technol (2020) 108:1125-1138

100 200 300 400
Distance [um]

500

(b)

1136
Fig. 16 Cross-sectional profiles 8 8
of machined surface; (a) Without —_ = 4
vibration, (b) 0.5 um-500 Hz, )~ § 4 [ EA4r
1.0 um—500 Hz, (d) 1.5 um— — & =
500 Hz £ 0 g0
-4 K4t
_8 1 1 1 1 _8
0 100 200 300 400 500 0
Distance [um]
(a)
8
~ 4 —_
g El
s 0r £
& &
a-4r A
_8 1 1 1 1 _8
0 100 200 300 400 500 0
Distance [um]
(©)
Without vibration
Tool
Discharge

Workpiece Bubble

(a) Discharge occurrence

Vibration-assisted EDM ‘

.
47 W

(d) Concentrated discharge on
the boundary of bubble

Fig. 17 Schematic diagram of tool vibration effect in EDM
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4 Conclusions

The changes in electrical discharge phenomena caused by tool
vibration were directly observed by a high-speed video cam-
era through a transparent workpiece electrode of single-crystal
4H-SiC. The following conclusions were obtained:

M

@

G)

4

®)

The distribution of discharges was more uniform in
vibration-assisted EDM as compared with EDM without
tool vibration. Tool vibration also increased the total
number and frequency of discharges.

The peculiar concentration behavior of discharges was
observed. The concentrated discharge area spreads in a
distorted ring shape followed by new discharge concen-
trations in the ring area.

A sufficiently large vibration amplitude (~1.5 pum) re-
sults in periodic discharge phenomena, enabling uniform
discharge distributions, and high machining speeds.

A high vibration frequency (~ 500 Hz) causes a higher
number of discharges and machining speed than lower
frequencies.

Vibration-assisted EDM improves surface roughness and
reduces debris adhesion on the machined surface.

This study clarified the gap phenomena and the effect of

tool vibration on EDM mechanism, which is important for
optimizing vibration conditions to improve the machining ef-
ficiency, stability, and surface quality. Future tasks include the
investigation of the relationship between tool vibration and
electronic frequency of discharge voltage and their effects on
the machining characteristics and the establishment of a theo-
retical model for the vibration-assisted EDM process.
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