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Abstract Micro wire electrochemical machining is a useful
technique to produce high-aspect-ratio slit micro-structures.
To improve processing stability, the axial electrolyte flow is
adopted to renew electrolytes in the machining gap. A wire
electrochemical micro-machining system with an axial elec-
trolyte flow unit is developed. A mathematical model of tool
feed rate is presented. To investigate the influence of elec-
trolyte flow on processing stability and machining efficien-
cy, comparative experiments were carried out. The influence
of applied voltage and electrolyte concentration on machin-
ing accuracy is studied and the parameters such as electro-
lyte flow rate and applied voltage are optimized. Low initial
machining gap is applied to decrease the stray current ma-
chining in the initial machining period. With the optimal
parameters, the high-aspect-ratio micro spline and curved
flow channel with the slit width of 160 μm have been
fabricated on 5-mm-thick stainless steel (0Cr18Ni9). The
width of the slit is uniform and the aspect ratio is 31.

Keywords Electrochemical machining .Micro wire
electrode . Axial electrolyte flow . Aspect ratio

1 Introduction

Electrochemical machining (ECM) has recently become
popular due its advantages in many applications such as its
performance regardless of material hardness and no heat-

affected layer [1]. It can be used to achieve a desired shape
of a surface using metal dissolution by electrochemical
reaction and can be applied to metals such as high-
strength, heat-resistant and hardened steel [2]. The ECM/
ECD process originally designed for manufacturing com-
plex shaped components in defense and aerospace industries
has been extended to many other industries such as automo-
tive, dies molds, and surgical components [3]. The applica-
tion of ultrashort voltage pulses between a tool electrode and
a work-piece in an electrochemical environment allows the
three-dimensional machining of conducting materials with
submicrometer precision [4]. Munda and Bhattacharyya [5]
reported that electrochemical micromachining (EMM) could
be used as one of the best micromachining techniques for
machining electrically conducting, tough and difficult-to-
machine materials with an appropriate combination of ma-
chining parameters. Electrochemistry takes a key position in
products and manufacturing processes of microtechnology
[6]. Shin et al. [7] have reported that micro wire ECM can be
widely applied to micro fabrication of hard alloy metal parts
such as micro gears and micro-sized metal parts. Structures
with 90 nm width were made by applying 2-ns voltage
pulses [8]. Micro ECM has been applied to machining air-
lubricated hydrodynamic bearings [9] and various micro-
structures on stainless steel [10].

Micro wire ECM is a promising method of EMM. Using
a platinum wire electrode with 100 μm diameter, various 3D
features were machined on stainless steel plate [10]. By
using this method, micro features such as micro grooves
and gears were fabricated into stainless steel plates [7]. Zhu
et al. [11] reported that many complex micro metal parts
with structures of several 10-μm scales were fabricated by
micro wire ECM.

However, during production of high-aspect-ratio micro-
structures in 5-mm thickness stainless steel by micro wire
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ECM, reaction products formed during the machining could
not be removed from inter-electrode gap effectively.
Bhattacharyya et al. [12] reported that the reaction products
between micro-tool and work-piece may cause generation of
sparks, which in turn reduces machining accuracy. The
high-speed rotary electrode [13] and the intermittently back
electrode [14] are possible ways to cleanse electrolytic
products and renew electrolyte in machining gap. Because
the wire electrode is tensed on a fixture in micro wire ECM,
it is difficult to achieve a high-speed rotation of electrodes.
Moreover, as the aspect ratio increases, the intermittently
back electrode is not effective to cleanse electrolytic prod-
ucts. Thus, both methods are not feasible in micro wire
ECM. Forward flow pattern of electrolyte is widely used
in ECM. Axial electrolyte flow could cleanse electrolytic
products from machining gap effectively and avoid wire
electrode vibration. In this research, axial electrolyte flow
is adopted to produce high-aspect-ratio slit micro-structures.

2 Principle

Micro wire ECM is similar to common ECM, which is an
electrochemical anodic dissolution process. During the ma-
chining process, an appropriate voltage is applied between
the work-piece and cathode. At the anodic work-piece sur-
face, metal is dissolved into metallic ions by the electro-
chemical reaction, the micron scale wire tungsten electrode
is used as the cathode tool, and following the scheduled tool
path, the required shapes or structures can be obtained as
shown in Fig. 1. Beyond this, the hydrogen bubbles and
sludge is generated during the reaction. Therefore, axial
electrolyte flow, whose direction is assumed to be along
the axis of the wire electrode, is adapted to renew electrolyte
in the machining gap. Combining the axial electrolyte flow,
micro wire ECM can be used to fabricate micro parts with
the high aspect ratio on metal work-pieces.

3 Model

The feed rate of wire electrode and the electrolyte flow rate
in the pump output mouth (shown in Fig. 2) are modeled.
When ECM is in equilibrium state, the cathode feed rate is:

vc ¼ ηwk
UR

Δb
ð1Þ

where νc is feed rate of wire electrode, η is the current
efficiency, ω is the electrochemical equivalency of anode
metal, k is the conductivity of electrolyte and electrolysis
product mixture, UR is the machining voltage, and Δb is the
inter-electrode frontal gap.

The conductivity of electrolyte and electrolysis product
mixture is given by [15]:

k ¼ k0
2 1� ðb1 þ b2Þ½ �
2þ b1 þ b2

ð2Þ

where κ0 is the electrolyte conductivity, β1 is the volume
ratio of hydrogen in the electrolyte mixture, and β2 is the
volume ratio of hydroxide in the electrolyte mixture.

The volume ratio of hydrogen and hydroxide is:

b1 ¼
Q1

Qg
ð3Þ

b2 ¼
Q2

Qg
ð4Þ

where Q1 is the volume flow of hydrogen through the
machining gap, Q2 is the volume flow of hydroxide through
the machining gap, and Qg is the total volume flow through
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Fig. 1 Schematic diagram of micro wire electrochemical machining
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Fig. 2 Sketch of flow field model
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the machining gap.The pump output volume flow of elec-
trolyte is:

QP ¼ K1K2FQg ð5Þ
where QP is the pump output volume flow, K1 is the over-
flow coefficient, K2 is the leakage coefficient, and F is the
coefficient of processing surface complexity.

The equation of pump output flow and velocity is:

QP ¼ u0A0 ð6Þ
where u0 is electrolyte flow rate in pump output mouth and
A0 is the cross-section area of pump output mouth.
Substitution of Eq. 6 into Eq. 5 gives:

Qg ¼ u0A0

K1K2F
ð7Þ

Solving Eqs. 3, 4 and 7 gives:

b1 þ b2 ¼
K1K2FðQ1 þ Q2Þ

u0A0
ð8Þ

From Eqs. 1, 2 and 8, νc can be obtained:

vc ¼ 2ηwk0UR
u0A0 � K1K2FðQ1 þ Q2Þ

Δb 2u0A0 þ K1K2FðQ1 þ Q2Þ½ � ð9Þ

From Eq. 9, it is observed that νc increased as u0 increased.
Electrolyte flow rate is closely related to the feed rate of wire

electrode. Therefore, higher electrolyte flow rate is helpful to
improve the machining efficiency.

4 Experimental system and experimental conditions

The self-developed wire electrochemical micro-machining
experimental system is shown in Fig. 3. It consists of elec-
trolyte circulation subsystem, machining process detecting
subsystem and servo-control feed subsystem. With the C-
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Fig. 3 Sketch of experimental
system
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843 motion controller card for core, the servo-control feed
subsystem consists of a precise XYZ stage and the software
of the machining process control system. The wire electrode
is attached to the axes of the feed subsystem. The motion
parts of X-, Y- and Z-axes are driven by direct current servo
motors through precision ball-race feed screw with resolu-
tion of 0.1 μm. The software of control system performs two
functions: the trajectory control and the gap control. The
control system is developed using the technology of virtual
instruments, and the program is based on Lab Windows/
CVI.

Figure 4 shows the wire electrode fixture of axial elec-
trolyte flow. The wire electrode fixture is an important part
of the machining system. Wire electrode is strained on the
principal part of the fixture with screws. Top cover and
channel cover are installed on the principal part of the
fixture after wire electrode fixed. Support beam is adopted
to support wire electrode in flow channel. In order to reduce
the influence of the support beam on flow field in the
channel, support beam thickness should be as small as
possible. For axial electrolyte flow, the electrolyte flow goes
gently through the channel along the axial direction of wire

electrode. It is effective to avoid wire electrode vibration
caused by the electrolyte flow. During the machining pro-
cess with an axial electrolyte flow, pump output electrolyte
flow rate u0 is counted according to Eq. 6. The unchanged
experimental conditions are shown in Table 1.

5 Experimental results and discussions

5.1 Influence of electrolyte flow rate on wire electrode feed
rate

Equation 9 illustrates that wire electrode feed rate increases
as the pump output electrolyte flow rate increases. And a
higher electrolyte flow rate can improve the machining
efficiency. In order to validate the range of applicability
and limitations of the theory, comparative experiments are
carried. Each flow rate is repeated 20 times, recording the
number of electric short circuit. The allowable maximum
feed rate with electric short circuit less than twice is accepted
as the maximum tool feed rate of the flow rate.

Table 1 Machining parameters for the experiments

Parameter Value

Electrolyte type NaNO3

Electrolyte temperature 25°C

Flow pattern Axial electrolyte flow

Electrolyte flow rate Pump output flow rate, u0
Work-piece material 0Cr18Ni9

Work-piece thickness 5 mm

Tool material Tungsten wire

Tool diameter 20 μm

0.00 0.25 0.50 0.75 1.00 1.25 1.50

0.1

0.2

0.3

0.4

0.5

Electrolyte flow rate u
0
(m/s)

T
he

 m
ax

im
um

 to
ol

 f
ee

d 
ra

te
(µ

m
/s

)

Fig. 5 The maximum tool feed rate with different pump output elec-
trolyte flow rates (10 V applied voltage; 10 g/l NaNO3; geometry and
length, 800 μm straight slit)
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Fig. 6 Number of electric short circuit with different pump output
flow rates (10 V applied voltage; 10 g/l NaNO3; 0.5 μm/s tool feed
rate; geometry and length, 800 μm straight slit)
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Fig. 7 Side gap with different applied voltages (10 g/l NaNO3; pump
output flow rate, u000.75 m/s; 0.5 μm/s tool feed rate)
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Figure 5 exhibits the influence of pump output flow rate
on the maximum tool feed rate without electric short circuit.
When the electrolyte flow rate is less than 0.75 m/s, the
maximum tool feed rate increased as pump output electrolyte
flow rate increased, thus leading the improvement of the
machining efficiency. This is because a high flow rate helps
to disperse air bubbles and other electrolysis products, and
uniform flow field and current density in processing zones,
which in turn improves the machining efficiency and the
machining stability. The result is in accord with the theory.
However, when the tool flow rate is more than 0.75 m/s, the

maximum tool feed rate is no longer increases as the pump
output flow rate increases. This is because the inter-electrode
frontal gap reduces to a limit as the tool flow rate is above
0.75 m/s. The teeny gap is too small to disperse hydrogen and
other electrolysis products, and then the electric short circuit
occurs. The result is not applicable to the theory as the tool
flow rate is above 0.75 m/s. The conclusion is reached that the
range of applicability in Eq. 9 is the tool flow rate below
0.75 m/s. Therefore, considering the machining efficiency
and the stable machining with no setback, the optimal tool
feed rate is determined to be 0.5 μm/s.

Fig. 8 Micro grooves with
different applied voltages
(10 g/l NaNO3; pump output
flow rate, u000.75 m/s;
0.5 μm/s tool feed rate; applied
voltage: a 8 V, b 10 V, c 12 V)

Fig. 9 Micro grooves with
different electrolyte
concentrations (10 V applied
voltage; pump output flow rate,
u000.75 m/s; 0.5 μm/s tool feed
rate; electrolyte concentration:
a 10 g/l, b 20 g/l, c 50 g/l)
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5.2 Influence of electrolyte flow rate on machining stability

Figure 6 exhibits the effect of pump output flow rate on
machining stability. In the comparative experiments, each
process parameter is repeated ten times, recording the num-
ber of electric short circuit. The figure shows that the ma-
chining stability increased as the electrolyte flow rate
increased. However, when the flow rate was higher than
1.0 m/s, electric short circuit between the tool and the
work-piece was caused by wire electrode vibration, and
the processing stability became worse. Therefore, consider-
ing the electrode vibration, the optimal electrolyte flow rate
is determined to be 0.75 m/s. This clearly reveals the fact
that electrolyte flow rate has a significant effect on the
processing stability.

5.3 Influence of applied voltage on machining accuracy

Figure 7 exhibits the effect of applied voltage on side gap
with the axial electrolyte flow. The figure shows that the
side gap increases as the applied voltage increases. When
the applied voltage was 8 V, electric short circuit occurred
often due to the low dissolution rate. The machining accu-
racy is poor as shown in Fig. 8a. When the applied voltage
was higher than 8 V, the number of short circuits was
reduced to only a few times owing to the larger machining
gap which increased as the applied voltage increased. When
the applied voltage was 10 V, no electric short circuit was
detected. Hence, the machining accuracy becomes better as
shown in Fig. 8b. However, when the applied voltage is

12 V, side gap is oversized, and more dissolution occurs at
the sides of the groove as shown in Fig. 8c. Therefore, the
optimal applied voltage is determined to be 10 V to maintain
the stability and uniformity of the machining shape.

5.4 Influence of electrolyte concentration on machining
accuracy

There are many factors which have effects on the machining
quality in micro wire ECM, such as electrolyte conductivity,
current density, and inter-electrode gap. Lee et al. [16] found
that electrolyte conductivity, acting as a variable resistance,
has been recognized one of the most important parameters in
EMM. The lower the electrolyte concentration, the smaller
the electrolyte conductivity. As the machining electric cur-
rent flow becomes smaller, the localized area around the tool
narrows down as shown in Fig. 9a. On the contrary, side gap
increases with increasing electrolyte concentration, which in
turn reduces the machining accuracy as shown in Fig. 9b
and c. Therefore, the very dilute sodium nitrate electrolyte is
employed to minimize the machining gap and improve the
localization of processing. Micro wire ECM with very dilute
sodium nitrate of 10 g/l NaNO3 electrolyte is adopted to
improve machining accuracy.

5.5 Stray current attack in the initial machining period

Figure 10 shows a micro groove with stray current attack
during the initial machining period. Figure 10a shows that a
bell-mouth shape is formed in the groove entrance. In the

100µm 100µm 

(a) (b) Fig. 10 SEM image of micro
groove with stray current attack
in the initial machining period
(10 V applied voltage;
10 g/l NaNO3; pump output
flow rate, u000.75 m/s;
0.5 μm/s tool feed rate; initial
machining gap: a 100 μm,
b 60 μm)

Fig. 11 Micro spline on
stainless steel (10 V applied
voltage; 10 g/l NaNO3; pump
output flow rate
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initial machining period, the surrounding part of the work-
piece, which is far away from the tool, also undergoes
dissolution due to electric current lines acting over this zone.
Material removal from such areas is called stray current
attack [17]. The stray current attack range would be greatly
reduced when the electrode advances into the work-piece,
owing to the restricting control of the electric current lines
by the anode material. As can be seen in Fig. 10b, the bell-
mouthed opening can be reduced by decreasing initial ma-
chining gap. Thus, a lower initial machining gap can de-
crease the stray current machining time, resulting in a better
entrance shape.

5.6 Fabrication of complex micro-structure

With the axial electrolyte flow, micro-structures were
machined. Figure 11 shows a micro spline structure with
the slit width of 160 μm on a 5-mm-thick stainless steel.
Figure 12 shows a micro curved flow channel with the
slit width of 160 on a 5-mm-thick stainless steel. The
width of the slits is uniform, and the aspect ratio is 31.
The work-piece, except the etched groove, has an innate
surface due to the localization of the machining region.
During the machining, no contact between the tool and
the work-piece was detected and the groove’s width
remained constant.

6 Conclusion

This paper reports the influence of electrolyte flow on micro
wire ECM. The following conclusions can be drawn based
on the experiments and discussions mentioned above:

1. Axial electrolyte flow is adopted to be the optimal flow
pattern for micro wire ECM.

2. Through theoretical analysis and comparative experi-
ments, it is revealed that processing stability and ma-
chining efficiency can be improved by a higher
electrolyte flow rate. And the conclusion is reached that
the range of applicability of Eq. 9 is the tool flow rate
below 0.75 m/s.

3. Optimized process parameters of 1.0 m/s electrolyte
flow rate, 10 V applied voltage and 10 g/l NaNO3

electrolyte are achieved under an axial electrolyte flow
condition. Better machining accuracy can be achieved
by the optimized process parameters.

4. Lower initial machining gap can decrease the stray
current machining time, resulting in a better entrance
shape.

5. With optimized parameters, structures of micro curved
flow channel and micro spline with the aspect ratio of
31 were fabricated on 5-mm-thick stainless steel. As can
be seen from the experimental results and SEM micro-
graphs, the machining accuracy is improved by the axial
electrolyte flow.
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