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Abstract
The novel wire electrochemical turning (WECT) method has been proposed to machine tungsten with neutral electrolyte and
bipolar pulse current in the authors’ previous research. The influence of tool wear caused by the bipolar pulse current, which is
needed to remove the oxide layer generated on tungsten surface when using a neutral electrolyte, was eliminated by the WECT
method because the wire tool electrode was kept being wound during the machining process. In this paper, the influences of the
most important process parameters, such as the kind of electrolyte, wire material, wire diameter, rotation speed of the workpiece
rod, and frequency of the pulse voltage, were studied to understand the fundamental aspects of the WECT method and improve
the machining efficiency of tungsten micro-rods. The experimental results showed that the NaCl electrolyte and the NaNO3

electrolyte had higher machining efficiency and better machining accuracy, respectively. The machining accuracy was improved
with the SUS304 stainless steel wire used as tool electrode than the brass wire tool electrode. It was also found that the machining
efficiency and accuracy were improved with decreasing the wire diameter and increasing the rotation speed of workpiece because
the influence of stray current flowing through the side and end surface of machined micro-rod was reduced. The machinable
length of micro-rod peaked at an optimum feed speed of the workpiece, and the optimum speed increased with increasing the
frequency of pulse voltage. As a result, a minimum rod diameter of 11 μm was fabricated with a high aspect ratio of 36.
Compared with the previous method using a platinum film as tool electrode, the aspect ratio was increased significantly because
the influence of tool wear was eliminated.

Keywords Wire electrochemical turning . Electrochemical machining . Tungsten . Micromachining . Electrostatic induction
feedingmethod

1 Introduction

Tungsten has a unique set of properties like the second highest
melting point next to carbon among all elements, high elastic
modulus, high density, high thermal conductivity, and excel-
lent mechanical properties at elevated temperatures [1]. These
exceptional properties make tungsten to be widely used in the
fields of optics, micro-electronics, mechanical manufacturing,

and aerospace [2]. In recent years, tungsten has also been used
as promising alternative materials for plasma facing compo-
nents in fusion reactors, owing to its high melting point and
low sputtering yield [3]. However, tungsten has a major draw-
back of significantly low ductility at room temperature and
high ductile-to-brittle transition temperature. In addition,
tungsten has a high Vickers hardness of 310. Therefore, the
poor ductility and high hardness result in poor machinability
of tungsten. With the traditional mechanical machining
methods, such as cutting, grinding, and milling, the issue of
tool wear limits the industrial application and deteriorates the
machining accuracy. Zhong et al. [4] reported that the two of
the prime challenges in cutting of pure tungsten are high tool
wear associated with the reactivity between tungsten and tool
materials and its high hardness.

Wire electrical discharge machining (WEDM) as an impor-
tant non-traditional machining method has provided an effec-
tive solution for machining hard materials, e.g., tungsten,
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titanium, and molybdenum, with intricate shapes and profiles
that are difficult to machine using traditional methods [5, 6].
However, WEDM is a thermal process which results in the
poor surface quality such as residual stresses, micro-cracks,
and heat-affected zone, and the tool wear problem [7].
Electrochemical machining (ECM) is an alternative method
to machine tungsten without the influences of residual stress-
es, tool wear, and heat-affected zone compared with EDM
method because ECM is an anodic dissolution process.
Furthermore, ECM has many advantages over other tradition-
al machining methods such as its applicability regardless of
material hardness, no tool wear, high material removal rate,
smooth and bright surface, and production of components of
complex geometry [8]. For the ECM of tungsten, alkaline
aqueous solutions such as KOH and NaOH were often used
as electrolyte [9, 10] because the tungsten oxide layer gener-
ated on the workpiece surface, which interrupts the electro-
chemical dissolution process, should be removed. However,
the use of these alkaline electrolytes is not environmentally
acceptable. Hence, Maeda et al. [11] reported that cemented
tungsten carbide can be machined with a neutral electrolyte
using a bipolar current, because NaOH is generated over the
cathode surface when the tungsten carbide electrode is in neg-
ative polarity, thereby removing the oxide layer from the sur-
face of tungsten carbide. Based on the principle proposed by
Maeda et al., Han and Kunieda [12] machined tungsten suc-
cessfully using a neutral electrolyte sodium nitride (NaNO3)
aqueous solution with the help of a bipolar current supplied by
the electrostatic induction feeding method. Kunieda et al. [13]
developed the electrostatic induction feeding method used for
micro-EDM to decrease the diameters of discharge craters by
eliminating the influence of stray capacitance in electric
feeders. It is known that ultra-short pulse current can improve
the machining accuracy in micro-ECM process through

localizing the electrochemical dissolution in a narrower work-
ing gap due to the electrical double layer formed on the sur-
faces of electrodes [14]. Thus, Koyano and Kunieda [15] ap-
plied the electrostatic induction feeding method to generate
the ultra-short pulse current in micro-ECM, as shown in
Fig. 1. The working gap is modelled using the capacitance
of electric double-layer Cdl, Faraday impedance Zf, and elec-
trolyte resistance Rg. Current flows through the working gap
only at the instance when the pulse voltage changes to high or
low because the pulse power supply is coupled to the tool
electrode by a feeding capacitance C1, as shown in Fig. 1(a).
Hence, the current pulse duration is nearly equal to the rise and
fall time regardless of the pulse on-time of the pulse voltage,
as shown in Fig. 1(b). With this method, short current pulses
of several tens of nanoseconds can easily be obtained, without
the use of an expensive ultra-short pulse generator.
Furthermore, this method has the advantage that the generated
ultra-short pulse current is bipolar, which is useful for the
ECM of tungsten with a neutral electrolyte. However, the used
bipolar current caused tool wear when the tool electrode was
in a positive polarity. Hence, Han and Kunieda [16] proposed
a novel wire electrochemical grinding (WECG) method to
eliminate the influence of tool wear by using a winding wire
as tool electrode, which was based on the wire electro-
discharge grinding (WEDG) method [17]. The experimental
results showed that the wire tool electrode was slightly worn
with the applied bipolar pulse current, but the worn area could
be reduced significantly with increasing the winding speed of
the wire tool electrode. Hence, the influence of the tool wear
on the machining accuracy was eliminated with the proposed
WECG method.

However, the published paper [16] has not studied the ma-
chining characteristics of the WECG method in details.
Hence, the achievable limits of miniaturization and aspect

(a) (b)

0

G
a
p
 

c
u
rr

e
n
t

0

0

Rise time

Fall time

P
u
ls

e
 

v
o
lt
a
g
e

Time

Time

TimeE0

Pulse period T 

G
a
p
 

v
o
lt
a
g
e

Feeding capacitance C1

Rg

Zf

ZfCdl

Cdl

Pulse 

voltage

Fig. 1 Principle of electrostatic
induction feeding ECM. (a)
Equivalent circuit. (b) Gap
current and voltage waveforms

296 Int J Adv Manuf Technol (2020) 111:295–307



ratio of micro-rods machined by the proposed method have
not been investigated yet. Those limits are important for the
applications of producing micro-rods, such as the probes for
scanning probe microscopes (SPM) and tools used for micro-
milling, blanking, and EDM. Thus, this paper focuses on the
investigation of the fundamental machining characteristics
and the limits of minimum rod diameter and aspect ratio ob-
tained using this method. The influences of different electro-
lyte types, tool electrode material, diameter of wire tool elec-
trode, rotation speed of workpiece rod, and the frequency of
pulse voltage on the machining efficiency and accuracy are
investigated. Thereby, the present research aims to fabricate
the minimum rod diameter with high aspect ratio based on the
above results.

2 Wire electrochemical turning method

Figure 2 shows the idea of the present method which was
proposed in the previous paper [16] and originally named as
wire electrochemical grinding (WECG) after the well-
established wire electro-discharge grinding (WEDG) method
[17]. However, the naming is changed to wire electrochemical
turning (WECT) in this paper because turning is more appro-
priate to express its principle. The micro-EDM machine
(Panasonic, MG-ED72W) with a positioning resolution of
0.1 μm for x, y, and z axis was retrofitted to the micro-ECM
machine by replacing the EDM pulse generator with the elec-
trostatic induction feeding method in Fig. 1(a). A wire winding
system which was developed by Masuzawa et al. [17] for the
WEDG method was installed under the help of Takeshi
Technology Institution, Japan. The workpiece rod was fixed
in a mandrel supported by V-shape ceramic guides and rotated

up to 3000 rpm with sufficiently small run-out under 0.5 μm,
and the wire tool electrode was held by a wire guide made of
acrylic. The electrolyte was jetted into the working gap from a
nozzle placed near to the working area with an inner diameter
of 210 μm. A rectangular pulse generated by a function gener-
ator (Agilent, 33250A) was amplified by a bipolar amplifier
(NF Corporation, HSA4101) used as the pulse voltage supply.
A silver mica capacitor was used for the feeding capacitance
C1. A commercial SUS304 stainless steel or brass wire with a
diameter of 50 or 100 μmwas used as tool electrode and it was
kept being wound during themachining process with a winding
speed of 11.3 mm/min. Since the wire tool electrode was kept
being wound, the influence of tool wear caused by the bipolar
pulse current on the machining process could be eliminated.
The workpiece rod was positioned over the top surface of the
wire tool electrode with an initial gap width of 5 μm before
machining and fed toward the wire tool electrode during ma-
chining. The cut depth in the radial direction determines the
machined rod diameter and the feed distance in the axial direc-
tion determines the rod length. The ultra-short pulse bipolar
current in the working gap was supplied using the electrostatic
induction feeding method, as shown in Fig. 1(b).

3 Influence of different kinds of neutral
electrolyte

3.1 Experimental method

The influences of different kinds of neutral electrolytes, sodi-
um nitrate (NaNO3) and sodium chloride (NaCl) aqueous so-
lutions, on the machining characteristics were investigated.
The workpiece was commercial pure tungsten rod with an
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original diameter of 300 μm and length of 50 mm. It was
reshaped using theWEDGmethod [17] to make it sufficiently
straight, resulting in a reshaped size of 200 μm in diameter
and 400 μm in length. Table 1 shows the experimental condi-
tions used for WECT. The total amplitude of the pulse voltage
was 80 V with the frequency of 500 kHz. The duty factor,
which was defined as the percentage of the positive pulse time
in a pulse period, was 50%. The rise/fall time of the pulse
voltage was 40 ns, which would determine the width of the
ultra-short pulse current flowing through the working gap.
The feeding capacitanceC1 used for the electrostatic induction
feeding method, as shown in Fig. 1(a), was 350 pF. A com-
mercial SUS304 stainless steel wire of 100 μm in diameter
was used as the tool electrode. The NaNO3 and NaCl aqueous
solutions of 6 wt% in concentration were used as electrolytes.
The cut depth in the radial direction was 60 μm and the feed
distance in the axial direction was 300 μm. The feed speed of
the workpiece in the axial direction was increased from 0.1 to
0.5 μm/s.

3.2 Experimental results

Figure 3 shows the waveforms of gap current and voltage with
different kinds of electrolyte at the feed speed of 0.2 μm/s. It is
found that the difference in the gap currents was slight with
different kinds of electrolyte. Figure 4 shows the machinable
lengths of micro-rods with different kinds of electrolyte. The
machinable length is defined as the finally fabricated length of
micro-rod with the given voltage and feed speed. The machin-
able length is the sum of the feeding distance of workpiece and
the axial gap width at the end of machining when the machin-
ing completes without collision between electrodes. When the
machining is interrupted by collision, the feed distance until
collision was considered to be equal to the machinable length.
When NaNO3 aqueous solution was used, the preset feed dis-
tance of 300 μmwas reached only with the low feed speeds of
0.1 μm/s and 0.2 μm/s. With the feed speed higher than
0.2 μm/s, the collision occurred between the electrodes before
the feed distance reached 300 μm. It is found that the machin-
able length of micro-rod was longer with the electrolyte of
NaCl aqueous solution than that with the electrolyte of
NaNO3 aqueous solution with the feed speed higher than
0.2 μm/s. This is because the current efficiency of NaCl

aqueous solution was higher than the NaNO3 aqueous solu-
tion, especially with a low current density [18, 19]. Han and
Kunieda [20] also found that the material removal rate of NaCl
electrolyte was higher than the NaNO3 aqueous solution when
machining the SUS304 stainless steel rod using the ECM
method which used a thin film as the tool electrode due to
the higher current efficiency of NaCl aqueous solution.
Figure 5 shows the micro-rods machined with different kinds
of electrolyte at the feed speed of 0.2 μm/s. It is noted that the
end edge of the micro-rod machined with the NaCl electrolyte
was rounded, as shown in Fig. 5(b), while Fig. 5 (a) shows a

Table 1 Experimental conditions used for studying different kinds of
neutral electrolytes

Pulse voltage Amplitude (V) 80

Frequency (kHz) 500

Duty factor (%) 50

Rise/fall time (ns) 40

Feeding capacitance C1 (pF) 350

Workpiece electrode rotation (rpm) 3000

200mA

80V
0V

0V

0A

Pulse voltage

Gap voltage

Gap current

50V

1μs

(b)

(a)

200mA

80V
0V

0V

0A

Pulse voltage

Gap voltage

Gap current

50V

1μs

Fig. 3 Waveforms of gap current and voltage with different kinds of
electrolyte. (a) NaNO3 electrolyte. (b) NaCl electrolyte
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higher shape accuracy at the end edge with the electrolyte of
NaNO3 aqueous solution. Because of the higher current effi-
ciency of NaCl aqueous solution independent of the current
density, the electrochemical dissolution occurred even in a
larger working gap width, thereby more workpiece material
was dissolved than the NaNO3 aqueous solution due to the
stray current. In addition, the higher current efficiency resulted
in wider axial and radial gap widths, which would deteriorate
the machining accuracy. Figure 6 shows the axial and radial
gap widths with different kinds of electrolyte. The gap widths
were larger with the NaCl electrolyte. With both the electro-
lytes, the radial gap widths were larger than the axial gap
widths because the workpiece electrode was fed in the axial
direction. The radial gap width Gr and axial gap width Ga

were calculated by the following equations.

Gr ¼ D−d
2

−Cr ð1Þ

Ga ¼ L−Fa þ Gi ð2Þ

where D is the diameter of reshaped workpiece rod by
the WEDG method, d is the diameter of micro-rod ma-
chined by the WECT method, Cr is the preset cut depth in
the radial direction before machining, L is the machined
length of micro-rod, Fa is the feed distance in the axial
direction after machining, and Gi is the initial gap width
before machining.

4 Influence of material of wire tool electrode

4.1 Experimental method

The same experimental conditions in Table 1 were used in this
section. Moreover, SUS304 stainless steel and brass wires
with the diameter of 50 μm were used as the wire tool elec-
trode. The NaNO3 aqueous solution 6 wt% in concentration
was used as electrolyte due to the machining accuracy higher
than NaCl electrolyte as shown in Section 3. The feed speed of
workpiece in the axial direction was 0.1 μm/s. The cut depth
in the radial direction and feed distance in the axial direction
were 30 μm and 300 μm, respectively.

4.2 Experimental results

Figure 7 shows the micro-rods machined with different
wire materials at the feed speed of 0.1 μm/s. The side
surface of the micro-rod obtained with the brass wire tool
electrode was not sufficiently straight compared with that
with the SUS304 stainless steel wire electrode. It is spec-
ulated that this was partly related to the tool material
dissolution when the polarity of the wire electrode was
positive by the use of the bipolar pulse current. Figure 8
shows the brass and SUS304 stainless steel wire tool elec-
trodes before and after machining. It is found that the wire
material is dissolved more significantly with the brass
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wire tool electrode. Therefore, the SUS304 stainless steel
wire was used as the tool electrode in all the following
experiments due to the better machining accuracy.

5 Influence of diameter of wire tool electrode

5.1 Experimental method

To study the influence of the diameter of wire tool elec-
trode on the machining accuracy, the diameter was
changed at 50 μm and 100 μm. The wire material was
SUS304 stainless steel due to the better performance in

machining accuracy, as discussed in Section 4. The feed
speed of workpiece in the axial direction was increased
from 0.1 to 0.6 μm/s with an increment of 0.1 μm/s, while
the other machining conditions were the same to Table 2,
such as the pulse voltage and electrolyte.

5.2 Experimental results

Figure 9 shows the waveforms of the gap current and
voltage with different diameters of wire tool electrode.
The gap current increased with increasing the wire diam-
eter. This is because the axial gap area increased with
increasing the wire diameter. The decrease in the gap

Before machining After machining

Before machining After machining

100μm 100μm

100μm 100μm

Fig. 8 Brass and SUS304
stainless steel wire tool electrodes
before and after machining. (a)
Brass wire tool electrode. (b)
SUS304 wire tool electrode

(b) (a) 

100μm 100μm

(b) (a) 

100μm 100μm

Fig. 7 Micro-rods machined with
(a) SUS304 stainless steel and (b)
brass wire tool electrode
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resistance due to the larger axial gap area resulted in the
higher gap current as shown in Fig. 10. It is noted that the
stray current, which flows through the radial gap, also
increased with increasing the wire diameter due to the
larger radial gap area. It is also found that the pulse du-
ration with the wire diameter of 100 μm was shorter than
that with the wire diameter of 50 μm. This is because the
electric charge stored in the capacitance C1 at the rise/fall

time of the pulse voltage is the same at q = C1E0, where
E0 is the amplitude of the pulse voltage [15].

Figure 11 shows the machinable lengths of micro-rods
with different diameters of wire tool electrode. When the
feed speed of the workpiece in the axial direction was
higher than 0.3 μm/s, the machinable length was longer
with the wire diameter of 50 μm than 100 μm. This is
because the influence of stray current in the radial gap
decreased with decreasing the wire diameter as shown in
Fig. 10. Since the electric charge per pulse q = C1E0 is
constant [15], more current flowed through the axial gap
and used for the material removal with decreasing the
wire diameter. Figure 12 shows the micro-rods machined
with different wire diameters at the feed speed of 0.4 μm/
s. The machining process was completed with the preset
feed distance of 300 μm in the axial direction with the
wire diameter of 50 μm due to the less influence of stray
current. However, the machining process was interrupted
by collision between electrodes with the wire diameter of
100 μm, resulting in a much shorter micro-rod length
machined as shown in Fig. 12(b).

6 Influence of rotation speed of workpiece

6.1 Experimental method

Table 2 shows the experimental conditions to investi-
gate the influence of the rotation speed of workpiece.
Since many micro-rods were fabricated to complete this
experiment and the reshaping process of tungsten rod
workpiece from original diameter of 300 μm to
200 μm took a long time with the WEDG method, a
pure tungsten rod in the original diameter of 125 μm
was purchased and used as the workpiece without the
preprocess by WEDG. The amplitude of pulse voltage
E0 was reduced from the previous 80 V to 70 V corre-
sponding to the decrease in the initial diameter of work-
piece rod. This is because the electric charge q supplied
to the gap is equal to C1E0. The rotation speed of
workpiece rod was changed as 1915 rpm, 3000 rpm,
and 3815 rpm. The NaNO3 aqueous solution with con-
centration of 3 wt% was used as electrolyte and a
SUS304 stainless steel wire of 50 μm in diameter was
used as tool electrode. The cut depth in the radial di-
rection was 30 μm to obtain nearly the same rod diam-
eter of 50 μm after machining as in Sections 3 and 4.
The feed distance in the axial direction was 300 μm.
The rise/fall time of pulse voltage was 20 ns. The feed
speed of workpiece was increased from 0.1 to 3.0 μm/s
with an interval of 0.5 μm/s.
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51.27V
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Fig. 9 Waveforms of gap current and voltage with different diameters of
wire tool electrode. (a) Wire diameter of 50 μm. (b) Wire diameter of
100 μm

Table 2 Experimental conditions used to investigate the influence of
rotation speed of workpiece

Pulse voltage Amplitude (V) 70

Frequency (kHz) 500

Duty factor (%) 50

Rise/fall time (ns) 20

Feeding capacitance C1 (pF) 350

Electrolyte NaNO3 aq. 3 wt%

Wire tool electrode SUS304 stainless steel wire ϕ 50 μm
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6.2 Experimental results

Figure 13 shows the waveforms of gap current and voltage
with the workpiece rotation speeds of 1915 rpm and
3815 rpm. The gap current was increased slightly with in-
creasing the rotation speed because the electrolyte refreshing
in the narrow working gap was improved. The dissolved ma-
terial and generated gas bubbles could be removed out of the
working area sufficiently, hence, the gap resistance decreased,
resulting in a higher current density.

The machinable lengths of micro-rods with different ro-
tation speeds are shown in Fig. 14. There was an optimum
feed speed for each rotation speed. This is because the
micro-rod was totally shortened when the feed speed was
too low due to the stray current flowing through the radial
gap and the end of the micro-rod, while the machinable
length was limited by collision between electrodes when
the feed speed was excessively high. It is noted that the
optimum feed speed increased with increasing the rotation
speed of workpiece because the higher rotation speed im-
proved the refreshing of electrolyte, resulting in increased
current density due to smaller gap resistance. Figure 15
shows the micro-rods machined with different rotation
speeds at the feed speed of 2 μm/s. The target feed distance
of 300 μm was achieved with the rotation speed of

3815 rpm, but not with 1915 rpm. Figure 16 shows the
wire tool electrodes before and after machining with dif-
ferent workpiece rotation speeds. The wear of the wire
electrode was more significant with the higher rotation
speed because of the higher current density. Considering
the balance between the current density and the wear rate
of the wire electrode, the workpiece rotation speed of
3000 rpm was used to investigate the influence of the fre-
quency of pulse voltage on the machining characteristics in
the next section.

7 Influence of pulse voltage frequency

The influence of the frequency of the pulse voltage was
studied with different frequencies of 250 kHz, 400 kHz,
500 kHz, 600 kHz, and 1000 kHz. Figure 17 shows the
waveforms of the gap current and voltage with the fre-
quencies of 400 kHz and 1000 kHz at the feed speed of
1.5 μm/s. It is noted that when the frequency was
1000 kHz, the gap voltage failed to decrease to zero at
the end of the positive pulse period, although the gap
current can become zero as shown in Fig. 17(b). This is
because oxide film was generated on the workpiece sur-
face. Since the oxide film works as a capacitance, electric
charge is stored in the capacitance. Hence, certain amount
of electric charge is wasted to charge the capacitance,
reducing the material removal amount per pulse.

Figure 18 shows the machinable lengths of micro-rods
with different frequencies of pulse voltage. The machin-
able length of 0 μm means that the micro-rod could not be
obtained because it was dissolved completely. It is found
that there was an optimum feed speed for each frequency,
with which the machinable length of micro-rod was lon-
gest. It is considered that the reason is the same as that
caused the results shown in Fig. 14. Figure 19 shows the
micro-rods machined with different frequencies at the
feed speed of 1.5 μm/s. Figure 20 shows the correspond-
ing machinable lengths. It shows that the maximum length
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Fig. 10 Gap current distributions
with different diameters of wire
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of micro-rod was obtained at the optimum frequency of
500 to 600 kHz. It is also found in Fig. 18 that the opti-
mum feed speed increased with increasing the frequency.
The electric charge per pulse is constant at q = C1E0.
Hence, if the material removal per pulse can be kept con-
stant, the material removal rate should be in proportion to
the frequency. However, the optimum feed speed was not
doubled when the frequency was increased from 500 to

1000 kHz. Furthermore, the machinable length was less
than the preset feed distance of 300 μm even at the opti-
mum feed speed because of the collision between elec-
trodes with the highest frequency of 1000 kHz.
Figure 21 shows the longest micro-rod of 250 μm obtain-
ed with the frequency of 1000 kHz at the optimum feed
speed of 2 μm/s. The machining accuracy was also low.
This is probably because the removal per pulse was de-
creased at 1000 kHz because some amount of charge was
wasted to charge the oxide film as described above.

8 Machinable minimum diameter using WECT
method

8.1 Experimental method

The experimental conditions in Table 2 were used in this
section. The rotation speed of workpiece rod was
3000 rpm, and the feed speed of workpiece was
0.1 μm/s. The target diameters of the machined micro-
rods were 10 μm, 20 μm, 30 μm, 40 μm, and 50 μm,
which were changed by the cut depth in the radial direc-
tion shown in Fig. 2.
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Fig. 13 Waveforms of gap current and voltage with different rotation
speeds of workpiece rod. (a) Rotation speed of 1915 rpm. (b) Rotation
speed of 3815 rpm
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8.2 Experimental results

Figure 22 shows the relationship between target rod di-
ameter and machined rod diameter. The deviation of rod
diameter was caused by the positioning error of the equip-
ment and the inconsistency of the working gap width be-
tween the workpiece and wire tool electrodes. When the
target diameter was smaller than 30 μm, the machining
process never succeeded to obtain a micro-rod. Thus, the
minimum diameter of machined micro-rod was 11 μm.
Figure 23 shows the machined micro-rod with the mini-
mum diameter. A high aspect ratio of 36 was obtained
with the proposed WECT method. The diameter and
length of the micro-rod were 11 μm and 400 μm, respec-
tively. It is noted that the machined micro-rod is slightly

(a) (b)

100μm 100μm

Fig. 15 Micro-rods machined
with rotation speeds of (a)
1915 rpm and (b) 3815 rpm at the
feed speed of 2 μm/s

(a) (b) (c)

50μm 50μm 50μm

Fig. 16 Wire tool electrodes (a) before machining and after machining with workpiece rotation speeds of (b) 1915 rpm and (c) 3815 rpm
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Fig. 17 Waveforms of gap current and voltage with frequencies of
400 kHz and 1000 kHz. (a) Frequency of 400 kHz. (b) Frequency of
1000 kHz
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Fig. 18 Machinable lengths of micro-rod with different frequencies
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bent. It is considered this was caused by the residual
stress which existed in the rod workpiece prior to machin-
ing due to the wire drawing process to produce the tung-
sten rod purchased.

In the authors’ previous research, a platinum film of
20 μm in thickness was used as the tool electrode to
fabricate tungsten micro-rods with a neutral electrolyte
and bipolar pulse current [21], in which two steps were
used to obtain the minimum diameter. Figure 24 shows
the machined minimum diameter of 5.6 μm with the
length of 100 μm. Compared with the WECT method,
a less diameter was obtained because the film tool
thickness of 20 μm was less than the wire diameter of
50 μm, resulting in less influence of stray current dur-
ing machining process. However, since the platinum

tool electrode was worn with the bipolar current, the
maximum aspect ratio was 18, much lower than 36 with
the WECT method.

9 Conclusions

The wire electrochemical turning (WECT) method was used
to machine tungsten micro-rods using a neutral electrolyte and
bipolar current in this research. Since the wire tool electrode
was kept being wound during the machining process, the in-
fluence of tool wear due to the bipolar pulse current was

500kHz400kHz

600kHz 1000kHz

Fig. 19 Micro-rods machined
with different frequencies at feed
speed of 1.5 μm/s

100μm

Fig. 21 Micro-rods machined with frequency of 1000 kHz at optimum
feed speed of 2 μm/s
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Fig. 20 Machinable lengths of micro-rods with different frequencies at
feed speed of 1.5 μm/s

305Int J Adv Manuf Technol (2020) 111:295–307



eliminated. According to the experimental results, the follow-
ing conclusions were obtained.

(1) The machining efficiency of tungsten micro-rods was
higher with the NaCl electrolyte than with the NaNO3

electrolyte due to the high current efficiency of NaCl
aqueous solution. However, the machining accuracy of
NaNO3 was better due to the narrower working gap
width.

(2) The machining accuracy was higher with the SUS304
stainless steel wire electrode than the brass wire electrode
due to the less tool wear caused by the bipolar pulse
current.

(3) The current efficiency and machining accuracy were im-
proved with decreasing the diameter of the wire tool
electrode because the influence of the stray current
flowing through the radial gap and the end of micro-
rod was decreased.

(4) The machining efficiency was increased with in-
creasing the rotation speed of the workpiece rod
because the refreshing of electrolyte in the narrow
working gap was improved. However, more tool

material was dissolved, when the polarity of the
wire tool electrode was positive, due to the higher
current density.

(5) There was an optimum feed speed of workpiece
rod in the axial direction with which the longest
rod was obtained, and this optimum feed speed
increased with increasing the frequency of pulse
voltage.

(6) The material removal rate increased in proportion to the
pulse frequency until 500 kHz. However, further in-
crease in the frequency resulted in decrease of material
removal per pulse because of the charge stored in the
capacitance due to the oxide film.

(7) With the WECT method, the minimum rod diameter of
11 μm was obtained with a high aspect ratio of 36 be-
cause the influence of tool wear caused by the bipolar
pulse current was eliminated with the winding wire tool
electrode. Compared with the previous platinum film
tool electrode method, the aspect ratio was increased by
twice.
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Fig. 23 Machined micro-rod with minimum diameter of 11 μm
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Fig. 24 Micro-rods machined with platinum film tool electrode [21]
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