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Abstract: With the increasing application of three-dimensional pure aluminum microstructures in
micro-electromechanical systems (MEMS) and for fabricating terahertz components, high-quality
micro-shaping of pure aluminum has gradually attracted attention. Recently, high-quality three-
dimensional microstructures of pure aluminum with a short machining path have been obtained
through wire electrochemical micromachining (WECMM), owing to its sub-micrometer-scale ma-
chining precision. However, machining accuracy and stability decrease owing to the adhesion of
insoluble products on the surface of the wire electrode in long-duration WECMM, which limits
the application of pure aluminum microstructures with a long machining path. In this study, the
bipolar nanosecond pulses are used to improve the machining accuracy and stability in long-duration
WECMM of pure aluminum. A negative voltage of −0.5 V was considered appropriate based on
experimental results. Compared with the traditional WECMM using unipolar pulses, the machining
accuracy of the machined micro-slit and the duration of stable machining were significantly improved
in long-duration WECMM using bipolar nanosecond pulses.

Keywords: wire electrochemical micromachining; machining accuracy; machining stability; pure
aluminum; bipolar nanosecond pulses

1. Introduction

Pure aluminum possesses numerous special characteristics, such as low density, high
electrical conductivity, good thermal properties, and excellent corrosion resistance. There-
fore, it can be manufactured into special components, such as reflective micromirror arrays,
micromotors, and micro-rotors for use in microelectromechanical systems (MEMS) [1]. Re-
cently, pure aluminum microstructures have also been applied in manufacturing terahertz
microcavity components. For example, high-working-frequency terahertz hollow-core rect-
angular metal cavities can be manufactured using a high-quality pure aluminum sacrificial
mandrel and its selective chemical dissolution [2].

However, there are still some gaps in the existing micromachining technology for high-
precision fabrication of three-dimensional pure aluminum microstructures. Mechanical
micromachining will cause plastic deformation and surface consistency problems owing to
the low hardness, low strength, high ductility, and high plasticity of pure aluminum [3].
Electrical discharge micromachining and laser micromachining will inevitably produce
defects, such as the recast layer, residual thermal stresses, and the heat-affected zone [4,5].
Although electrochemical machining technology has realized the machining of various
types of hydrophilic pure aluminum microstructures, these microstructures are usually
machined on the surfaces of pure aluminum substrates [6,7].
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Based on the principle of electrochemical anode dissolution, wire electrochemical
micromachining (WECMM) uses a microscale wire as the tool cathode, controls the move-
ment track of the wire electrode or metal workpiece through programmable software, and
realizes the machining of microstructures such as microgrooves, micro-slits, and three-
dimensional microstructures with complex shapes or high aspect ratios [8]. WECMM has
the following advantages: a low machining temperature, no stress on the machining surface,
no metamorphic layer, no tool loss, and is independent of the hardness of parts and mate-
rials [9,10]. Therefore, WECMM is an ideal technique to manufacture three-dimensional
microstructures from pure aluminum. WECMM has been successful for fabricating high-
quality three-dimensional microstructures from a wide range of materials, such as pure
nickel [11], stainless steel [12], cobalt-based alloys [13], and zr-based amorphous alloys [14].
Recently, high-quality three-dimensional micromachining of pure aluminum has been
achieved through WECMM, but this is possible only in short-duration WECMM [2]. With
the increasing demand for long-track three-dimensional microstructures of pure aluminum,
it is extremely important to improve the machining stability and machining accuracy in
long-duration WECMM of pure aluminum.

In long-duration WECMM, machining stability and machining accuracy will be re-
duced, as observed during the WECMM of some metal materials, such as pure aluminum,
stainless steel, and metallic glass [2,15,16]. During long-duration WECMM of long-track
microstructures, the bubbles and insoluble electrolysis products discharged from the ma-
chining gap do not diffuse easily owing to the limited mass transfer in the current WECMM
process. They gradually accumulate in the machining gap area, which will further com-
plicate the mass transfer through the microscale gap and the desorption of bubbles on
the surface of the wire electrode. At the same time, the accumulated insoluble products
easily adhere to the wire electrode surface under the action of the electric field force. After
machining for a particular period, frequent instantaneous short circuits will occur, and the
machining accuracy will deteriorate. Researchers have proposed some methods to solve
this problem. Bi et al. proposed an enhanced mass transfer method involving intermittent
ultrasonic vibration, which realized the timely dispersion of bubbles and insoluble products
in the machining process and improved the machining stability and machining accuracy [2].
Meng et al. proposed a WECMM process using bipolar pulses [15]. This process inhibited
the adhesion of products to the surface of the wire electrode and improved the machining
stability and accuracy, which was also confirmed by Gao et al. [16]. In addition, Xu et al.
used hydrochloric acid as the electrolyte to reduce the production of insoluble electrolytic
products [17].

In this study, bipolar pulses were used to reduce the deposition of insoluble products
on the wire electrode surface in long-duration WECMM of pure aluminum. The machining
principle was analyzed in detail. The effectiveness of using bipolar nanosecond pulses
for improving the machining stability and accuracy in long-duration WECMM of pure
aluminum was verified by systematic experiments.

2. Materials and Methods
2.1. Materials

In this study, a workpiece of pure aluminum (99.99%; Goodfellow Ltd., Huntingdon,
UK) with a thickness of 90 µm was ultrasonically cleaned before the WECMM, a 20 µm-
diameter tungsten wire (Goodfellow Ltd., Huntingdon, UK) was adopted as the cathode,
and the electrolytes were prepared from analytical-grade NaNO3 and NaCl using deionized
water. According to a previous study by Bi et al. [2], a mixed electrolyte of 0.0125 mol/L
of NaNO3 and 0.00625 mol/L of NaCl was selected as an appropriate electrolyte for the
WECMM of pure aluminum.

2.2. Methods

As shown in Figure 1, the traditional WECMM with unipolar pulses uses a nanosecond
pulse generator as the power supply, a microscale metal wire as the tool cathode, and a
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metallic workpiece as the anode. The electrolyte used depends on the electrochemical
dissolution characteristics of the machined metals. During machining, the metal workpiece
near the wire cathode is dissolved and removed in a certain range, accompanied by the
production of insoluble electrolysis products and the precipitation of hydrogen bubbles on
the surface of the wire cathode. Through control using programmable software, the wire
electrode or workpiece are continuously fed along a predetermined path, and the desired
metal micro-structures are obtained.
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Figure 1. Schematic of traditional WECMM using unipolar pulses.

Figure 2a,b compare the shapes of the unipolar and bipolar pulses. In traditional
WECMM using unipolar pulses, the electrochemical reaction occurs during the positive
pulse-on time, as shown in Figure 2a. In traditional WECMM using bipolar pulses, as
the electrode polarities of the workpiece and wire alternately change, the electrochemical
reaction occurs not only in the positive pulse-on time but also in the negative pulse-on time,
as shown in Figure 2b.

Figure 2c shows the principle of mass transfer during WECMM using bipolar pulses.
During the positive pulse-on time, the metal ions and insoluble products generated by
electrochemical dissolution of the workpiece anode move toward the surface of the wire
electrode, owing to the electric field force. With continuous machining, the insoluble
products will adhere to the surface of the wire electrode, leading to reduced mass transfer
efficiency in the narrow micromachining gap. During the negative pulse-on time, the
insoluble products on the surface of the wire electrode will be repulsed owing to the electric
field force, which will inhibit the adhesion of insoluble products on the surface of the wire
electrode. Under the action of the axial reciprocating vibration of the wire electrode, using
a negative pulse can enable easy discharge of the insoluble products from the machining
gap, thereby improving the mass transfer efficiency. Due to the improvement of mass
transfer efficiency in the long-duration wire electrochemical micromachining using bipolar
nanosecond pulses, more fresh electrolytes are brought into the machining area through
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the reciprocating vibration of the wire, the conductivity of the machining area will become
more uniform, and the electrochemical dissolution of the anode material in the machining
area will also become more uniform, so the machining stability and accuracy are improved.
However, as the wire electrode is positive with respect to the workpiece during the negative
pulse duration, the wire electrode itself may also be electrochemically dissolved if it is
fabricated from a metallic material.
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Figure 2. Comparison of pulse shapes between the unipolar pulse and bipolar pulse: (a) unipolar
pulse, (b) bipolar pulse, and (c) principle of mass transfer during WECMM using bipolar pulses. Ton

is the pulse-on time; Toff is the pulse-off time; Tp is the positive pulse-on time; Tn is the negative
pulse-on time; Ts is the pulse period.

3. Experimental

The WECMM system for this study is shown in Figure 3. The experimental sys-
tem consists of a PC controller, a three-axis motion stage, a digital relay, a pulse genera-
tor, an ultrasonic generator, an oscilloscope, an electrolyte tank, the tungsten wire, and
the workpiece. Table 1 lists the experimental conditions selected based on the study by
Bi et al. [2].
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Table 1. Experimental conditions.

Parameter Value

Wire electrode diameter 20 µm
Workpiece thickness 90 µm

Applied positive voltage 5 V
Applied negative voltage 0 to −1.5 V
Wire vibration amplitude 150 µm
Wire vibration frequency 2 Hz

Feed rate 0.10, 0.15, and 0.25 µm/s
Pulse width and period 50 ns and 5 µs

The topographies of the experimental samples were examined by scanning electron
microscopy (SEM), and the elemental composition of the insoluble products was investi-
gated by energy-dispersive X-ray spectroscopy (EDX). During machining, the behavior of
the bubbles in the machining area was observed and recorded using a computer-controlled
digital camera (CCD).

4. Results
4.1. Comparison between Short- and Long-Duration WECMM

Comparative machining experiments were performed using a traditional unipolar
pulse during WECMM at a feed rate of 0.1 µm/s. Figure 4a shows the result of the short-
duration WECMM conducted for approximately 30 min. The width homogeneity of the
micro-slit was highly consistent, with an obtained standard deviation of 0.45 µm. Figure 4b
shows the result of the long-duration WECMM in a short-circuit position conducted for 6.1
h (approximately 6.0 h). The width homogeneity of the micro-slit was considerably poor,
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with an obtained standard deviation of 1.21 µm. This is because the bubbles generated
during machining gradually accumulated around the machining gap area with continu-
ous machining, and they could not be easily dispersed until they were large enough to
automatically rupture. This led to a reduced mass transfer efficiency in the machining gap
area that in turn led to easy adsorption of the insoluble electrolytic products on the surface
of the wire electrode. Thus, the machining stability and accuracy were decreased. This
was confirmed from the real-time CCD images shown in Figure 5, obtained during the
long-duration WECMM. This was also confirmed by comparing the clean tungsten wire
surface before machining and that with the adsorbed insoluble electrolytic products after
short-circuiting. Insoluble electrolytic products are usually composed of metal hydroxide
precipitation and insoluble metal particle precipitation, as shown in Figure 6.
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Figure 5. CCD images captured during long-duration WECMM using a traditional unipolar pulse.

According to Bi et al. [2], similar results could be obtained at a feed rate of 0.15 µm/s
under the same machining conditions, indicating that the machining accuracy will be
reduced in long-duration WECMM of pure aluminum using unipolar pulses compared to
that of short-duration WECMM. At the same time, the machining stability was not ideal.
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4.2. Improving Machining Stability in Long-Duration WECMM Using Bipolar
Nanosecond Pulses

Figure 7a–c show tungsten wires used in the working zone during long-duration
WECMM with bipolar nanosecond pulses. The feed rate was maintained at 0.1 µm/s,
and the negative voltages were −0.5, −1.0, and −1.5 V, respectively. The experiments
lasted for 8 h without short circuits. Examining the tungsten wires used in the working
zone revealed an obvious reduction in the electrolysis products adsorbed on the wire
surface. Therefore, using a negative pulse can reduce or inhibit the deposition of electrolysis
products on the wire surface, thus improving the machining stability. According to the
research of Meng et al. and Gao et al. [15,16], after using bipolar nanosecond pulses for
a long-duration wire electrochemical micromachining, the wire in the machining area
will be dissolved, resulting in a decrease in the diameter of the wire, which will have
adverse effects on the machining. Figure 7b,c show a reduction in the diameter of the
wire, attributable to the dissolution of the wire under the action of the negative pulse of
−1.0 V and −1.5 V. Therefore, a negative pulse of −0.5 V was considered suitable for the
comparative experiments in this study.
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Similar experiments were performed to verify the machining stability in long-duration
WECMM using a negative pulse of −0.5 V. The feed rates were maintained at 0.15 and
0.25 µm/s. The machining process lasted for 8 h without short circuits when the feed
rate was maintained at 0.15 µm/s, and a short circuit occurred at 3.4 h when the feed
rate was maintained at 0.25 µm/s. According to Bi et al. [2], a short circuit occurred after
5.7 h of WECMM using a traditional unipolar pulse when the feed rate was maintained at
0.15 µm/s and after 2.7 h of WECMM using a traditional unipolar pulse when the feed rate
was maintained at 0.25 µm/s. Figure 8 compares the machining stabilities achieved using
different feed rates. The results show that the machining stability significantly improved in
long-duration WECMM using bipolar nanosecond pulses.
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5. Conclusions

The improvements in machining accuracy and stability obtained during long-duration
WECMM of pure aluminum using bipolar nanosecond pulses have been experimentally
verified. The main conclusions can be summarized as follows:

The obtained width standard deviation of the micro-slit was increased from 0.45 µm
to 1.21 µm during WECMM using a traditional unipolar pulse at a feed rate of 0.1 µm/s,
indicating that the machining accuracy was reduced in long-duration WECMM using
unipolar pulses compared to that in short-duration WECMM.

During long-duration WECMM using a negative pulse of −0.5 V, when the feed rates
were maintained at 0.10 and 0.15 µm/s, the machining process without a short circuit
exceeded 8 h, and when the feed rate was maintained at 0.25 µm/s, the machining process
without a short circuit was increased to 3.4 h.

The comparison of machining accuracies obtained during WECMM using unipolar and
bipolar pulses at different feed rates showed that the machining accuracy was significantly
improved in long-duration WECMM using bipolar nanosecond pulses.

Author Contributions: Conceptualization, X.B.; methodology, X.B. and M.J.; investigation, X.B. and
L.M.; writing—original draft preparation, X.B.; writing—review and editing, X.B., M.J. and L.M. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Scientific and Technological Research Projects in Henan
Province (222102220038), the Science and Technology Innovation Talents Project of Henan Province
(No. 21HAStit021), the Major Science and Technology Project of Xinxiang City (No. 21ZD009), the
National Natural Science Foundation of China (No. 52105485), the Key Research and Development
Program of Shaanxi Province (No. 2023-YBGY-365), the Fundamental Research Funds for the Central
Universities (No. D5000210526), and the Basic Research Programs of Taicang (No. TC2021JC18).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jiang, L.M.; Du, Y.J.; Jia, J.; Lai, L.J.; Zhou, H.; Zhu, L.M.; Tian, Z.W.; Tian, Z.Q.; Zhan, D. Three dimensional micromachining on

aluminum surface by electrochemical wet stamping technique. Electrochem. Commun. 2013, 33, 119–122. [CrossRef]
2. Bi, X.; Zeng, Y.; Qu, N. Micro-Shaping of Pure Aluminum by Intermittent Ultrasonic Oscillation Assisted Wire Electrochemical

Micromachining with an Ultra-Low-Concentration Mixed Electrolyte. J. Electrochem. Soc. 2021, 168, 113503. [CrossRef]
3. Malekian, M.; Mostofa, M.G.; Park, S.S.; Jun, M.B.G. Modeling of minimum uncut chip thickness in micro machining of aluminum.

J. Mater. Process. Technol. 2012, 212, 553–559. [CrossRef]
4. Robinson, G.M.; Jackson, M.J. Femtosecond laser micromachining of aluminum surfaces under controlled gas atmospheres.

J. Mater. Eng. Perform. 2006, 15, 155–160. [CrossRef]
5. Mouralova, K.; Kovar, J.; Klakurkova, L.; Bednar, J.; Benes, L.; Zahradnicek, R. Analysis of surface morphology and topography

of pure aluminium machined using WEDM. Meas. J. Int. Meas. Confed. 2018, 114, 169–176. [CrossRef]
6. Xu, W.; Song, J.; Sun, J.; Dou, Q.; Fan, X. Fabrication of superhydrophobic surfaces on aluminum substrates using NaNO3

electrolytes. J. Mater. Sci. 2011, 46, 5925–5930. [CrossRef]
7. Sun, J.; Cheng, W.; Song, J.L.; Lu, Y.; Sun, Y.K.; Huang, L.; Liu, X.; Jin, Z.J.; Carmalt, C.J.; Parkin, I.P. Fabrication of superhy-

drophobic micro post array on aluminum substrates using mask electrochemical machining. Chin. J. Mech. Eng. 2018, 31, 72.
[CrossRef]

8. Yusen, H.; Tao, Y.; Zhengyang, X.; Yongbin, Z. Electrochemical micromachining of ZrCu-based amorphous alloy in ethylene
glycol solution. Intermetallics 2021, 132, 107155. [CrossRef]

9. Gao, C.; Qu, N. A Distinct Perception on Wire Electrochemical Micromachining of Pure Tungsten with Neutral Aqueous Solution.
J. Electrochem. Soc. 2019, 166, E465–E472. [CrossRef]

10. Gao, C.; Qu, N.; Ding, B.; Shen, Y. An insight into cathodic reactions during wire electrochemical micromachining in aque-ous
hydrochloric acid solution. Electrochim. Acta 2019, 295, 67–74. [CrossRef]

11. Bi, X.; Zeng, Y.; Qu, N. Wire electrochemical micromachining of high-quality pure-nickel microstructures focusing on different
machining indicators. Precis. Eng. 2020, 61, 14–22. [CrossRef]

12. Qu, N.; Gao, C. Fabrication of microstructures with mirror surfaces by wire electrochemical micromachining of stainless steel 304
using NaNO3-ethylene glycol. Int. J. Adv. Manuf. Technol. 2021, 112, 261–272. [CrossRef]

13. Qu, N.; Gao, C. Improving surface processing quality in wire electrochemical micromachining by gas bubble chain. J. Mater.
Process. Technol. 2021, 294, 117136. [CrossRef]

https://doi.org/10.1016/j.elecom.2013.04.031
https://doi.org/10.1149/1945-7111/ac377e
https://doi.org/10.1016/j.jmatprotec.2011.05.022
https://doi.org/10.1361/105994906X95805
https://doi.org/10.1016/j.measurement.2017.09.040
https://doi.org/10.1007/s10853-011-5546-0
https://doi.org/10.1186/s10033-018-0270-1
https://doi.org/10.1016/j.intermet.2021.107155
https://doi.org/10.1149/2.0051914jes
https://doi.org/10.1016/j.electacta.2018.10.140
https://doi.org/10.1016/j.precisioneng.2019.09.015
https://doi.org/10.1007/s00170-020-06390-8
https://doi.org/10.1016/j.jmatprotec.2021.117136


Micromachines 2023, 14, 1046 10 of 10

14. Yusen, H.; Yongbin, Z.; Tao, Y.; Zhengyang, X.; Kun, X.; Huimin, W. The microstructure formation of thick Zr-based amorphous
alloy with anode vibration in HClO4 solution by WECMM. Int. J. Adv. Manuf. Technol. 2021, 117, 1459–1472. [CrossRef]

15. Meng, L.; Zeng, Y.; Zhu, D. Wire electrochemical micromachining of Ni-based metallic glass using bipolar nanosecond pulses. Int.
J. Mach. Tools Manuf. 2019, 146, 103439. [CrossRef]

16. Gao, C.; Qu, N.; He, H.; Meng, L. Double-pulsed wire electrochemical micro-machining of type-304 stainless steel. J. Mater.
Process. Technol. 2019, 266, 381–387. [CrossRef]

17. Xu, K.; Zeng, Y.; Li, P.; Zhu, D. Study of surface roughness in wire electrochemical micro machining. J. Mater. Process. Technol.
2015, 222, 103–109. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00170-021-07822-9
https://doi.org/10.1016/j.ijmachtools.2019.103439
https://doi.org/10.1016/j.jmatprotec.2018.11.018
https://doi.org/10.1016/j.jmatprotec.2015.03.007

	Introduction 
	Materials and Methods 
	Materials 
	Methods 

	Experimental 
	Results 
	Comparison between Short- and Long-Duration WECMM 
	Improving Machining Stability in Long-Duration WECMM Using Bipolar Nanosecond Pulses 
	Improving Machining Accuracy in Long-Duration WECMM Using BipolarNanosecond Pulses 

	Conclusions 
	References

