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Abstract

The machining of small holes and array holes has been a difficult problem in
machining field. Tiny hole is widely used in mechanical field, for instance, fuel
injection nozzles, spinneret holes for synthetic fibers and wire drawing dies.
This paper investigated the application of EDM (electrical discharge machin-
ing) to the fabrication of micro structures. There are obvious limitations in
the process of micro-electrical discharge machining, such as electrode wear,
unstable discharge condition and low machining efficiency. The effects of
EDM parameters were investigated, such as voltage, pulse frequency, and fre-
quency of ultrasonic vibration applied to electrode. Micro holes were ma-
chined with Pt electrode made by focused-ion-beam chemical vapor deposi-
tion (FIB-CVD) and Cu electrode made by wire-electrode cutting. The com-
parison experiments between EDM and ECM (electrochemical machining)
indicated that the processing of ECM has serious stray current corrosion and
poor machining precision. Moreover, the workpiece vibration was firstly
proposed to be utilized in the micro-electrical discharge machining. It can be
concluded that maximum machine could be obtained under the amplitude ra-
tio of 76%, which was an appropriate parameter.
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1. Introduction

Due to the macroscopic cutting forces existing in the traditional machining
process, deformation is easily generated when machining minute parts, especial-
ly parts of micrometer scale [1]. The accuracy control is more difficult. In addi-

tion, the producing surface stress affects the performance of the product [2] [3].
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But EDM has many advantages that machining force exerted on the electrode
and workpiece [4] [5]. It is much lower than traditional machining in machining
processes. Furthermore, micro electrical discharge machining becomes an im-
portant machining method for micromachining as a result of high performance
and precise micro components applied in many fields [6] [7]. In micro-EDM,
electrode is the necessary tool for performing micro-ECDM electro-discharge
grinding (WEDG) for EDM, in which the tool electrode is a travelling wire so
that the effect of electrode wear can be avoided [8] [9] [10]. Egashira et a/ used
silicon probes which are originally used for scanning probe microscopes (SPM)
as electrode for micro-EDM [11]. Takahata et al utilized LIGA process to fabri-
cate high aspect ratio electrode arrays, hence batch mode micro-EDM could be
achieved [12] [13]. The electrode fabricated by FIB-CVD was used for mi-
cro-EDM. With the further research and application of the micro-EDM tech-
nology, people are more and more realize that the current research on the basic
theory of the micro-EDM has become a huge resistance to the further develop-
ment of the technology [14] [15]. The theoretical basis of EDM is to predict the
machining efficiency, the loss of tool electrodes, and machining surface quality
[16] [17]. However, owing to the randomness of spark discharge and the lack of
research methods, it is difficult to predict the process accurately. Especially for
the micro-hole EDM process, discharge energy and discharge gap are very small,
the discharge point in time and space highly concentrated, resulting in very un-
stable and low efficiency process. This paper aims to research the basic rules of
the micro-EDM.

2. Experiments

2.1. Experimental Set-Up

The schematic diagram of micro EDM system was shown in Figure 1. The whole

Suppl scilloscope
+ pPly
\\ ’ Deionized water
= &

%

i =
Workpiece

Microelectrode

Vibration isolation platform

Figure 1. Schematic diagram of micro ECM/EDM system.
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equipment consists of three parts: the home-made pulse generator, P1 motion
platform, electrode clamp and liquid injection circulator unit. The home-made
pulse generator can provide short voltage pulse for EDM and ECM process. The
P1 motion platform is made of three piezo-driven x-y-z stages with 0.1 pm solu-
tion. The auxiliary system consists of electrolytic cell, amperemeter and oscil-

loscope and ultrasound-assisted system.

2.2. Manufacture of Tool

The higher corrosion resistance and the smaller the electrode loss, the higher the
square accuracy. Therefore, selecting the copper electrode with high corrosion
resistance and low price for EDM. FIB-CVD (focused-ion-beam chemical vapor
deposition) can produce electrodes with a small diameter; the electrode is pre-
pared with the common material platinum. Two kinds of electrodes were used in
the machining process. Firstly, Pt electrode was fabricated by focused-ion-beam
chemical vapor deposition. Microelectrode in the material of amorphous Pt was
deposited in the tip surface of a needle with a diameter of 10 pm and a length of
50 um. The square electrode was machined by electrical discharge wire cutting
machine and the material of the electrode is brass. The sectional dimension of

brass electrode is 80 um x 80 pm. Two types of electrode are shown in Figure 2.

3 Results and Discussion

3.1. Effects of Open Voltage and Pulse Width on the Machining
Precision and Unilateral Discharge Gap

The influence of the open voltage and pulse width on EDM was investigated.
The experiments were carried out on the polished 304 austenite stainless steel
with 50 pm-length Pt electrode. The deionized water was working fluid and side
flush was adopted considering the convenient drainage of deep holes. For easy
processing, positive machining was used in the EDM. Different open voltage and

different pulse widths were applied to the machining. The unilateral discharge

WD: 23.82 mm
Det: SE 500 um Performanc

Figure 2. (a) Microelectrode fabricated on the polished tip surface of a needle; (b) The
square electrode was machined by electrical discharge wire cutting machine. Sectional
dimension size (80 x 80 um).
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gap was calculated by the equation:
U=(D-d)/2.

Open voltage dependencies of hole diameter and unilateral discharge gap are
presented in Figure 3.

It is pointed out that the hole diameter increased with the rise of voltage. It is
hard to machine an obvious hole under the voltage of 10 V. Different pulse widths
(60 ns, 20 ns, 800 ns) were used in the experiments, and the processing results
showed that the hole depth and hole diameter increased in a nonlinear way with
the increase of pulse width. To estimate the single pulse energy, a relation be-

tween holes diameter and main work parameter is proposed, given by:
Wo = ['u(t)i(t)dt.

It can be confirmed that the single discharge crater was decided by the single
pulse energy. The larger the discharge voltage, the larger the pulse width and the
holes diameter were. Furthermore, the feature of the machined electrode and in-
itial electrode are shown in Figure 4. It is observed that the surface of electrode
was covered with a certain thickness, and a quantity of black material adheres to
the surface, which further made it rougher and thicker. It can be explained by

the formation of a coating layer on the electrode in the processing of EDM,

Figure 3. Micro-holes fabricated in the polished 304 austenite by Pt electrode: (a) Open
voltage of 10 V; (b) 12.5 V; (c) 15 V.

Figure 4. The initial electrode and the electrode morphology after machining.
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which was beneficial for reducing the electrode loss and caused the distortion of

the electrode due to the corrosion resistance of the carbon layer.

3.2. Comparison of Machining Results of EDM with
Electrochemical Machining

For evaluating the machining characteristics between EDM and ECM, compari-
son experiments were carried out with square electrode. The electrode was fa-
bricated by electrical discharge wire cutting machine into the size of 80 pm x 80
pum. The workpiece material and machining parameters are shown in Table 1.

In the experiments, square electrode was used to machine a micro hole on 304
stainless sheet with different working fluid. In the results in Figure 5 obtained
by our experiments suggest that the diameter of micro hole fabricated by mi-
cro-ECM was larger than that processed by micro-EDM. It is illustrated in Fig-
ure 6 that the machining zone of ECM was enlarged as the processing was en-
larged.

However, the diameter of micro-hole fabricated by EDM would stabilize

within a certain range. Compared with ECM, the electrical discharge machining

Table 1. Parameters of machining.

Fabrication parameters Value
Microelectrode diameter 80 x 80 um
Workpiece fluid Deionized Water 2.5 g/L NaNO,
Workpiece SUS304 (t = 30 um)
Open voltage 10,15,20V
Pulse width 60 ns
Working step 0.5 um

180

160
= Micro-EDM
£ 3 .
e 140 “#% Micro-ECM
@ 120
o
o
2 100
@
S
2 80
oS
o 60 s
2 %
= 40 2
c o
) %

? \\ "}
0 N :

15
Open voltages (V)

Figure 5. The machining unilateral discharge gap between EDM and
ECM in the different open voltages.
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Figure 6. (a) Work piece after micro-EDM with 10 V; (b) Work piece after mi-
cro-ECM with 10 V, the red rectangle is the shape of electrode section.

exhibited better performance in machining localization and machining accuracy.
It was because the amount of erosion product was greater than the expected val-
ue of Faraday’s law in ECM, which meant the corrosion of surrounding metals
of anode increased as the reaction time increased. Meanwhile, the micro-ECM
processing was simulated using COMSOL, which accorded with the results of
experiments. As shown in Figure 7, with the processing time increased, the un-
ilateral gap became larger, and the entrance taper of micro hole gets huger ac-
cording to the simulation result. The unilateral gap was 76 um which was con-
sistent with the machining date. It was clarified that there were some contradic-
tions between machining efficiency and machining precision due to its stray

etching.

3.3. The Influence of Workpiece Vibration on EDM

Considering debris removal from the hole is a key factor in micro-EDM. The ul-
trasound-assisted workpiece machining was researched by drilling micro-holes.
The workpiece clamp was installed with ultrasonic transducer connected to ul-
trasonic generator. The experiment setup is shown in Figure 8.

An approach of micro-EDM by ultrasonic vibration assisted workpiece was
implemented on the polished 304 austenite stainless with a theoretical machin-
ing depth of 200 um. The ultrasonic vibration of different amplitude ration was
applied to the workpiece, as shown in Figure 9. It was demonstrated that ma-
chining hole depth increased in a certain amplitude and machining time de-
creased with an amplitude ratio of 0% - 76%. Most obviously, the optimum vi-
bration ratio of machine was 76%. It indicated that ultrasonic vibration assisted
to workpiece would prompt the processing of micro-EDM as well as greatly
shorten the machining time. It was speculated that the ultrasonic vibration could
enhance the fluidity of the working fluid, avoiding the accumulation of the ero-
sion product, and the ultrasonic vibration produced the cavitation which re-
moved the debris due to the sudden pressure drop. Contributing to small ma-

chining zone, the electrode was likely to reach the short circuit current.
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Figure 7. The contour change diagram of ECM, three lines are the
contour plot of the corresponding processing time.

Figure 8. Ultrasonic vibration assisted device.
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Figure 9. Effects of amplitude ration on hole depth and machining time.
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Additionally, tiny vibration of workpiece would alter the phenomenon that elec-
trode was repeatedly moved or backed as inertial motion and improved the ma-

chining efficiency of micro-hole.

4. Conclusion

In this research, the micro hole with a submicro precision was fabricated using
micro-EDM, applying the FIB-CVD to the EDM/ECM. The feasibility of using
ultra-short electrode deposited by FIB to manufacture micro mould by EDM
was proved. In the experiment, square electrode was used to machine SUS304.
The results showed that micro-EDM had better machining precision under
shorter voltage pulse and confining etching location of micro-ECM revealed by
simulation results. It was found that the workpiece vibration in the direction of
processing effectively contributed to obtain better matching effect of micro-EDM.

The appropriate amplitude ratio was 76%.
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