The International Journal of Advanced Manufacturing Technology
https://doi.org/10.1007/500170-024-14371-4

ORIGINAL ARTICLE q

Check for
updates

Fabrication of submillimetre structures on pure titanium
by non-aqueous electrolyte jet machining

Cheng Guo' - Xiao Du' - Jingwen He'2 - Weizhen Zhuang'? - Bin Xu'*?

Received: 2 January 2024 / Accepted: 1 September 2024
© The Author(s), under exclusive licence to Springer-Verlag London Ltd., part of Springer Nature 2024

Abstract

Titanium and its alloys are widely utilized in the field of aerospace and medical devices, owing to their impressive high-
temperature durability and excellent corrosion resistance. Many researchers have machined millimeter-scale features on
titanium using electrochemical jet machining (EJM). However, achieving submillimetre scale features on titanium with
high efficiency and surface integrity is still a hindrance. In this research, a small nozzle with a diameter of 200 pm has been
proposed for EJM of pure titanium (TA2) with NaCl-ethylene glycol (EG) solution. This non-aqueous electrolyte is able
to prevent the formation of oxide layers during the machining process. In the experimental part, the utilization of EJM in
processing dimples and channels on TA2 has been examined. The direct current mode and the pulsed current mode have
been compared in terms of dimensions, surface finish, and material removal localization. It is found that by utilizing suitable
parameters, EJM with non-aqueous electrolyte is suitable to manufacture submillimetre structures on pure titanium with

high precision and high surface quality.
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1 Introduction

Due to its advantageous mechanical properties and com-
patibility with living organisms, titanium has gained wide-
spread application in the fields of aerospace engineering [1]
and biomedical sciences [2]. In these fields, it is common for
components to require precise submillimetre features, which
involves various demands regarding shape and dimensions.
However, the traditional mechanical techniques employed
for machining these intricate features on titanium encounter
various challenges, including high cutting tool wear, subpar
machining precision, and limited machining size [3]. At pre-
sent, there has been research conducted on non-traditional
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energy-based techniques, including laser beam machin-
ing (LBM), ultrasonic machining (USM), and electrical
discharge machining (EDM), because of their potential to
improve machining accuracy and decrease tool wear. Sarilov
et al. [4] point out that EDM of titanium alloys requires pre-
cise electrical parameter control to avoid machining defects
such as surface cracks or excessive heat-affected zones. In
addition, the wear rate of the EDM tool electrode is too fast,
and the electrode needs to be replaced frequently, increas-
ing the cost and machining time. Hung et al. [5] employed
femtosecond laser microfabrication to produce an accurately
dimensioned biliary stent made of nickel-titanium alloy.
By using this laser technique, regulating heat transfer and
achieving the smallest possible thermal area are possible.
However, it should be noted that the femtosecond laser sys-
tem carries a hefty price tag [6].

Electrochemical machining (ECM) is a controllable
anodic electrochemical dissolution process used for shap-
ing components in an electrolytic cell. ECM involves the
use of an electrically conductive tool, known as the cath-
ode, and an electrolyte solution to selectively remove mate-
rial from the workpiece, acting as the anode. This process
enables precise and intricate shaping of various difficult-to-
cut metals and alloys, by utilizing specific electrochemical
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reactions. ECM of titanium alloy has no mechanical stress
and thermal influence and can process high precision and
complex shape, which has been proven to be an efficient
titanium alloy processing technology [7]. Over the past few
years, a multitude of researchers have dedicated their efforts
to investigating the application of ECM of titanium alloys.
This particular research area has gained significant atten-
tion due to the unique properties and challenges associated
with titanium alloys. Qu et al. [8] examined the viability of
employing axial electrolyte flushing in wire electrochemical
machining (WECM) of TC1 titanium alloy. Klocke et al.
[9] conducted a foundational study on the electrochemical
machinability of specifically chosen modern titanium and
nickel alloys in aviation engine parts. ECM, in comparison
to milling and electrical discharge machining techniques,
yielded the highest material removal rate and provided the
best surface quality. Wang et al. [10] investigated the use of
a sheet-shaped cathode to improve the uniformity of deep
and narrow channels produced by ECM on TB6 titanium
alloy. Liu et al. [11] conducted a study of ECM on TB6
titanium alloy in NaNOj solution. The extensive explora-
tion and investigation of ECM for titanium alloy machining
have resulted in advancements in tool design, electrolyte
selection, process parameters optimization, and monitoring
techniques.

As a significant variation of ECM, electrolytic jet machin-
ing (EIM) utilizes an electrolyte column as a cathode tool to
strike the workpiece through a nozzle and dissolve the anode
to remove the workpiece material. Compared to traditional
ECM, EJM provides a simplified tool structure and greater
flexibility, enabling the machining of channels, planes, or
other complex structures with numerical control [12]. The
simplified EJM tool structure also makes machining opera-
tions more precise and efficient, resulting in improved accu-
racy and surface finish [13]. Moreover, EJM has significant
advantages in surface structuring of hard-to-cut materials
such as titanium alloys and nickel-based superalloys because
it is free of tool wear, thermal and residual stress, as well
as cracks and burrs. Many scholars have made great efforts
in the research on EJM of titanium alloys. Hackert et al.
[14] utilized a tubular electrode with the inner diameter of
0.1 mm to generate intricate micro-surface structures on
stainless steel surfaces. Schubert et al. [15] employed pipe
electrodes, measuring 0.1 mm in inner diameter, to intri-
cately shape three-dimensional surfaces on stainless steel,
resulting in sharp edges. Kai et al. [16] conducted experi-
mental research on ECM cutting of metal plates. They dis-
covered that EJM is capable of precisely cutting stainless
steel plates with a thickness of 3 mm. Kawanaka et al. [17]
conducted a study on the surface quality after EJM, and their
findings indicate that higher current density contributes to
achieving a mirror-like surface. Speidel et al. [18] investi-
gated the effects of different innovative electrolytes on the
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EJM of TC4 titanium alloy, laying the groundwork for fur-
ther understanding. Wang et al. [19] utilized a novel cathode
tool with a negative incident angle to carry out EJM on TC4
titanium alloy. Their study aimed to investigate the impact
of various jet angles on the distribution of flow field, sur-
face quality, material removal rate, width of the flat-bottom
area, processing depth, and taper. Liu et al. [20] successfully
achieved millimeter-scale features on Ti1023 titanium alloy
through EJM. However, achieving more precise structures
on the surface of titanium alloys remains a challenge in the
field of EJM. Higher precision implies new applications
and improved performance of titanium alloy components
in industries.

Thus, in this research, a nozzle with a submillimetre
scale (200 pm) was utilized as the cathode for EJM, with
a 1 mol/L NaCl-ethylene glycol (EG) solution serving as
the electrolyte for electrochemical reactions. The aim was
to examine and analyze the influence of this submillimetre
size nozzle on the processing of the TA2 surface, in terms of
typical dimple and channel features. Through the analysis of
the surface topography and depth cloud map of TA2 samples
after EJIM, it has been demonstrated that the miniature noz-
zle allows for submillimeter scale machining on TA2. Fur-
thermore, the study also examined the effect of waveforms
(direct current and pulsed current) on the machining perfor-
mance, as well as the impact of nozzle movement speed on
channel processing. Through the research, it is found that the
dimple machining performance is best when the direct cur-
rent is used and the voltage is set to140 V, and the channel
machining performance is best when the voltage is 100 V
and the nozzle scan rate is set to 20 pm/s.

2 Experiments
2.1 Materials and equipment

The experimental workpiece material is TA2, specifically
an industrial-grade pure titanium with a sole o phase. The
TAZ2 surface to be machined has been polished with #5000
sandpaper. Figure 1 displays a micrograph and the size dis-
tribution of TA2 grains, which were obtained through elec-
tron back scatter diffraction (EBSD) analysis. The electrolyte
used for electrochemical reactions is a 1 mol/L NaCl-EG
solution. Since it has been verified that NaCIl-EG solution
can effectively eliminate the oxide layer on titanium during
the electrochemical polishing process [21], employing this
solution for fabrication of submillimetre structures on TA2
may enhance precision and surface quality. The experimental
setup used in the lab is a CNC platform for EIM, as shown
in Fig. 2. Scanning electron microscope (SEM) was used to
observe the overall concave shape and stray corrosion of the
dimples and channels. Laser scanning confocal microscope
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Fig. 1 a EBSD micrograph of
TAZ2; b grain size distribution

Fig.2 Experimental device
schematic and physical pictures:
a Illustration of EJM principle;
b EJM experimental device
diagram
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(LSCM) was used to analyze the three-dimensional (3D) and
cross-sectional profiles.

2.2 Experimental procedure

NaClI-EG electrolyte is continuously injected from the noz-
zle to the surface of the workpiece during machining. A
voltage is applied between the nozzle and the workpiece to
locally dissolve the workpiece material. Due to the locali-
zation of the process current density, the dissolution of the
anode is limited to the exposed surface directly below the
electrolyte. This phenomenon is realized by the action of the
hydraulic jump phenomenon. Specifically, when the fast-
flowing electrolyte hits the surface of the workpiece, a thin
fast-flowing electrolyte film is formed beneath the nozzle.
Subsequently, the thickness of the electrolyte in the region
away from the nozzle suddenly increases to a subcritical
state. With the help of this fast and thin electrolyte layer,
the current density is to a great extent concentrated [22].

The main electrochemical reactions that occur during elec-
trolysis are

Ti » Ti*" + 4e” (D

Ti** 4+ 4CI~ - TiCl, )

Experiments have been conducted using the setup shown
in Fig. 2, where the workpiece was fixed underneath the
nozzle and the control system was used to manipulate the
nozzles on the machine to ensure that the nozzles were accu-
rately placed directly above the specified location of the
workpiece. The inter-electrode gap (IEG) between the nozzle
and the workpiece is set to 200 pm. The nozzle inner diam-
eter is 200 pm, and the electrolyte flow rate is set to 51 mL/
min. In order to study the feasibility of machining submil-
limetre structures on TA2 with NaCl-EG solution, dimples
and channels have been experimentally fabricated on TA2
separately. In order to compare the effects of the direct
current and the pulsed current, a self-defined parameter,
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effective voltage time (teﬁcv) has been used to represent the
actual processing time. In the direct current experiments, 7,
indicates the dwell time (z,,;). In the pulsed current experi-
ments, the pulse parameters are expressed as pulse cycle
(Zeyete) and pulse width (z,,), and 7,5, =14, XA (A=1,,/1,
i.e., duty ratio).

cycles

3 Results and discussion
3.1 EJM of submillimetre dimples
3.1.1 EJM of dimples with direct current

Figure 3 illustrates the depth and diameter of the dimple
obtained by varying the voltage from 60 to 140 V, under the
condition of the 7, of 5 s. Figure 4 depicts the line graph
of changes in the diameter and depth of dimples. As can be
seen in Fig. 4, at the voltage of 60 V, the diameter of the
dimple is about 198 pm and the depth is only about 5 pm.
When the voltage reaches 140 V, the diameter of the dim-
ple increases to around 346 pm and the depth increases to
around 24 pm. At the voltage of 60 V, it was observed that
almost no dimples are formed in Fig. 3a, while extensive
scattered corrosion occurred on the TA2 directly beneath
the nozzle. This is due to the fact that the low voltage results
in a low current density during machining, affecting both
the material removal efficiency and the surface finish of the
dimple. By examining the line graph (Fig. 4), it is evident
that with the increase in voltage, both the diameter and depth
of the dimples gradually expand. This is due to an increase
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Fig.4 Diameter and depth of the dimples under different voltages at
the 7,5, 0f 55

in current density, which leads to an increase in material
removal. The increased current density enhances the overall
efficiency of current flow, as more electrons are effectively
utilized in the electrolysis process. As the voltage increases,
the rate of electrochemical reactions between the electrolyte
and the surface of the workpiece accelerates, leading to a
faster removal rate of material and consequently an expan-
sion in the depth of the dimples. Furthermore, with the
increase in current density, the range of electrolytic action
will likewise widen, resulting in an enlargement in the diam-
eter of the dimples. It can be seen from the SEM image
(Fig. 3) that the indicated roughness of the crater decreases

Fig.3 SEM images of dimples under different voltages at the 7,4, of 5s: 260 V; b 80 V; ¢ 100 V;d 120 V; e 140 V
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as the voltage increases and no evident pit corrosions occur
at the edges of the dimples. This can probably be attrib-
uted to the jet shape and the characteristic of the NaCl-EG
electrolyte. With the increase in voltage, the NaCl-EG elec-
trolyte not only ensures a high level of surface cleanliness
but also enhances the efficiency of material removal. These
changes can be attributed to factors such as enhanced ion
diffusion and modified charge transfer rates.

Figure 5 exhibits the SEM image of the dimples under
the 7,5, of 10 s. Figure 6 shows the depth cloud map of the
dimple. As can be seen in Fig. 6, when the voltage is 60 V,
the diameter of the dimple is about 269 pm and the depth
is about 22 pm. Compared to the case with the 7,4, of 5 s

in Fig. 3a, sharp edges can be obtained. It indicates that
the scattered corrosion in Fig. 3a is a transitional process
if the Logio is extended. When the voltage reaches 120 V, the
diameter of the dimple increases to around 366 um and the
depth increases to 42 pm. From the graph (Fig. 5), it is
evident that the dimples obtained through processing with
the 7,4, of 10 s exhibit similar surface smoothness com-
pared to those obtained with the 7,4, of 5 s. This suggests
that longer 7,4, is not a key factor that influence surface
roughness if the dimple forms steadily. Nevertheless, if the
1, 1s prolonged, it could potentially lead to a degradation
in the shape of the dimple due to an excessive reaction
between the electrolyte and the dimple walls that causes

Fig. 6 Depth cloud map of dim-
ples at different voltages with
the Lo of 10s.2a60 V; b 80V,
c100V;d 120V
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uneven material removal and damage to the integrity of
the dimple walls.

3.1.2 EJM of dimples with pulsed current

Many research results have demonstrated that the use of
pulsed current can significantly enhance the machining
performance of ECM. Therefore, EJM experiments with
the pulsed current have been conducted, and two groups
of experiments have been carried out with different duty
ratios, while keeping other parameters constant. Figure 7
presents the SEM images showcasing the utilization of
pulsed electrical currents for the dimple fabrication. The
frequency of the pulsed current is 5 kHz, with a duty ratio

of 0.5. Figure 8 presents the depth cloud map illustrating
the machined dimples with varying the duty ratio from
0.2 to 0.5. When the duty ratio is 0.2, the morphology of
the dimples change with the 7,5,. When the 7,4, is 5 s, the
depth of the dimple is about 21 pm. When the 7,4, is 10's,
the depth of the dimple increases to around 40 pm. When
the 7,4, is 15 s, the depth of the dimple increases to around
57 pm. However, the surface quality changed evidently.
When the duty ratio is set to 0.5 and the 7,4, is 15 s, the
depth of the dimple increases to around 44 pm and the
bottom surface quality is improved. From the depth cloud
graph (Fig. 8), it is evident that the depth achieved by
using pulsed current for EJM of TA2 dimples is greater
compared to using direct current. This increased depth is

Oum
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-20pm

-10um

-30pm

-40pm

-10pm -10pm
-20pm l -30um
-40pum -50um
-10um -10pum
-30um -30um
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Fig.8 The depth cloud map of dimples with different 7,5, under pulsed current; a, b, and ¢ are with the duty ratio of 0.2 and with the 7, of
55,10, and 15 s, respectively; d, e, and f are with the duty ratio of 0.5 and the 7,5, of 55,10 s, and 15 s, respectively
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attributed to the unique characteristics of pulsed current,
which allows for concentration of electrical energy during
the EJM process. Figure 9 illustrates the possible chemi-
cals generated on the surface of TA2 during processing.
The surface roughness of the dimples is influenced by the
formation of oversaturated thin film during the electro-
chemical process (Fig. 9). Studies conducted by Rosen-
kranz et al. [23] have highlighted that the existence of
oversaturated thin film throughout the entire processing
contributes to enhancing the surface smoothness of the
dimples. Conversely, if the oversaturated thin film is pen-
etrated, it will cause deterioration in surface roughness. It
can be observed from Fig. 8 that the application of pulsed
current in dimple machining leads to the formation of
numerous protrusions on the dimple surface, resulting in
a significantly diminished surface smoothness. It is likely
that the presence of a surface with an oversaturated polish-
ing film, characterized by a water gradient, is caused by
the pulsed current being in the on state. Nevertheless, in
the pulsed current mode, the thickness of the oversaturated
film is determined by the current density and the pulse on
duration, i.e., t,,. When the current is in the off state (toﬁ),
a continuous oversaturated film fails to form due to diffu-
sion, leading to the film not adhering to the surface and
thereby producing a rough surface. As shown in Fig. 8a—c,
with the depth growing, the current density becomes low,
which hinders the continuous oversaturated film formation
and degrades the surface quality.

As the duty ratio fluctuates, the machining surface
of the dimple also undergoes evident variations. With
changes in the duty ratio, there are alterations in the elec-
trolytic product ejection and heat generation during the
machining process, leading to conspicuous transformations
in the surface properties of the dimple. These disparities
can be observed as modifications in surface roughness,

Fig. 9 Chemicals produced on
the surface of TA2 during the
EJM process

rough surface

oversaturated film

microstructural features, and even the completeness of the
machined dimple.

3.2 EJM of submillimetre channels

Due to the flexibility of EJM, it allows for the processing of
more intricate shapes on TA2. To investigate the feasibility
of using EJM to process submillimetre concave channels
on TA2, the experiments involve different nozzle scanning
rates and different current modes. The nozzle travels along a
straight path to examine the formation of the channel on TA2
material. When using direct current to fabricate channels,
the nozzle scanning rate is set to 0.05 mm/s.

3.2.1 EJM of channels with direct current

Figure 10 shows the SEM images of the channels pro-
cessed at the voltages of 60 V and 140 V. Figure 11 displays
the depth cloud maps and surface roughness of channels
machined using direct current at different voltages. From
the graph (Fig. 11), it is clear that when the voltage reaches
60 V, the surface of the channel becomes extremely rough,
with the surface roughness reaching 0.468 pm. Figure 10a
also verifies this point. As the voltage increases, the width
and depth of the channels increase synchronously, and the
surface roughness of the channels exhibits a decreasing
trend. Figure 10b exhibits the SEM picture at the voltage
of 140 V. Shape edges and uniform microstructures can be
observed with high surface integrities. Even grains can be
figured out due to different corrosion rates in different crystal
orientations. Figure 12 shows the histogram of the width and
depth of the channels. As can be seen from Fig. 12, when
the voltage is 60 V, the depth of the channel is around 7 pm
and the width is around 130 pm. When the voltage is set to
140 V, the depth of the channel increases to around 26 pm
and the width increases to around 300 pm. It can be seen that

TiCl, xH,0

O
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workpiece
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Fig. 10 SEM images of chan-
nels with a scanning rate of
0.05 mm/s at different voltages:
a60V;b140 V

Fig. 11 Depth cloud maps of
channels with a scanning rate of
0.05 mm/s at different voltages:
a60V;b80V;c100V;d

120 V;e 140V
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the width and depth of channels have undergone above 50%
adjustments, which indicates that adjusting the voltage is an
efficient way to adjust the profile of the channels.

In order to investigate the effect of the nozzle scanning
rate on EJM machining of TA2 channel under the direct
current, the voltage is set to 100 V and the nozzle scanning
rate is varied from 0.02 to 0.07 mm/s in this experiment.
Figure 13 shows the SEM images of channels at the noz-
zle scanning rate of 0.02 mm/s and 0.07 mm/s. It can be
observed that the scanning rate of 0.07 mm/s leads to a better
surface integrity without protrusions. This is related to the
exposure time to low current densities. In another way, the
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nozzle scanning rate of 0.02 mm/s brings more exposure
time to low current densities, and the thick oversaturated film
fails to form on the machined surface. Figure 14 displays the
depth cloud map and surface roughness of channels. From
Fig. 14, it can be seen that as the scanning rate increases,
the surface roughness at the bottom of the channels gener-
ally decreases. When the scanning rate is 0.02 mm/s, the
roughness of the channel bottom along the nozzle moving
direction is 0.432 pm. When the scanning rate is 0.07 mm/s,
the roughness value is 0.155 pm. Figure 15 shows the cross-
sectional view of channels. It can be observed that as the
scanning rate increases, both the width and depth of the
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Fig. 12 Histogram of width and depth of channels with scanning rate
of 0.05 mm/s at different voltages

channels decrease (Fig. 15). Figure 16 presents the width
and depth values. When the scanning rate is 0.02 mm/s, the
depth of the channel is about 60 pm, and the width is about
365 pm. When the scanning rate is 0.07 mm/s, the depth
of the channel decreases to around 17 pm, and the width
decreases to around 295 pm.

3.2.2 EJM of channels with pulsed current

The duty ratio of the pulse current is set to 0.5, and the
frequency is set to 5 kHz. Figure 17 shows the SEM images

Fig. 13 SEM images of chan-
nels at different scanning rates
with a voltage of 100 V: a
0.02 mm/s; b 0.07 mm/s

of the channels processed at different scanning rates. The
similar trend can be noticed, and evident protrusions can
be found when the scanning rate is 0.02 mm/s. Figure 18
shows the depth cloud maps and surface roughness of chan-
nels under the pulsed current. The variation of the surface
roughness of the channels under pulsed condition is similar
to that under the direct current condition. The roughness
at the bottom along the nozzle moving direction is maxi-
mum (0.472 pm) when the scanning rate is 0.02 mm/s,
while that is minimum (0.298 pm) when the scanning rate
is 0.07 mm/s. Figure 19 shows the cross-sectional views of
channels at different scanning rates, which demonstrates
narrow channels compared with the direct current case.
Figure 20 depicts the histogram of width and depth of chan-
nels. The scanning rate has a significant impact on the depth
variation of channels, while the width varies little. At the
scanning rate of 0.02 mm/s, the depth of the channel is about
35 pm and the width is about 250 pm. At the scanning rate
of 0.03 mm/s, the depth of the channel decreases to around
25 pm and the width decreases to around 243 pm. While
at the scanning rate of 0.07 mm/s, the depth of the chan-
nel decreases to around 9 pm and the width decreases to
around 180 pm. Since the nozzle diameter remains constant
at 200 pm, the width of the channel is even smaller than the
nozzle diameter. As shown in Fig. 19, the cross-sectional
views of channels, the width, and depth of channels increase
with the increase in the scanning rate. Comparing to the
cross-sectional views of the direct current case with the sim-
ilar depth (Fig. 15), channels have smaller width and sharper
edges, indicating better material removal localization. In
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Fig. 15 Cross-sectional views of channels at different scanning rates
with the voltage of 100 V

addition, when compared to the direct current case, the
pulsed current counterparts exhibit bigger surface rough-
ness along the nozzle moving direction.

4 Conclusions

In this study, fabrication of submillimetre structures on
TA2, a kind of pure titanium, has been realized by elec-
trolytic jet machining (EJM) technology with non-aqueous
organic electrolyte, NaCl-ethylene glycol (EG) solution,
which avoid to create passivation films on the workpiece
surface in water-based salt electrolytes. By employing a
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Fig. 16 Histogram of width and depth of channels at different scan-
ning rates with the voltage of 100 V

small-size nozzle (200 pm) as the electrode, we reformed
the hydraulic system that enables the machining of sub-
millimeter-sized dimples and channels, which are difficult
to achieve with larger nozzles. The machined dimples and
channels on TA2 have been characterized using scanning
electron microscopy (SEM) and laser scanning confocal
microscopy (LSCM) to explore the correlation between the
process parameters and EJM performance and compare the
effects of the current mode on the EJM of TA2. The main
conclusions are summarized as follows:
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Fig. 17 SEM images of chan-
nels under the pulsed current
with different scanning rates: a
0.02 mm/s; b 0.07 mm/s
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Fig. 18 Depth cloud maps of channels at different scanning rates with the pulsed current of 0.5 duty ratio: a 0.02 mm/s; b 0.03 mm/s; ¢
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1) The experimental results of dimple machining using

the EJM technique showed that the depth of dimples
machined by pulsed current is greater than that of dim-
ples machined by direct current. Specifically, under
the conditions of 100 V and the .4, of 5 s, the depth
of dimples machined using pulsed current is approxi-
mately 16.007 pm, while that of dimples machined using

direct current is 19.256 pm, representing an approxi-
mate 20% increase in depth for direct current machining
compared to pulsed current. However, the surface fin-
ish of the former is worse compared to the latter. These
findings suggest that while greater dimple depths can
be achieved by applying pulsed currents, this comes at
the cost of impaired surface smoothness. The trade-off
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Fig. 19 Cross-sectional views of channels at different scanning rates
with the pulsed current of 0.5 duty ratio
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Fig.20 Histogram of width and depth of channels at different scan-
ning rates with with the pulsed current of 0.5 duty ratio

between depth and surface finish should be considered
when selecting the appropriate machining method for
a particular application. The experiment indicates that
when using direct current, the voltage of 120 V, and the
t.5 Of 10 s, the dimples exhibit higher surface quality.
2) For fabrication of channels, the experimental results
show that the direct current mode can achieve better
surface roughness on TA2 and the pulsed current mode
is more readily available to material removal localiza-
tion, which implies that using the pulsed current allows
for the machining narrower and deeper channels. For
example, under a scanning rate of 0.05 mm/s, the depth
of channels machined using pulsed current is approxi-
mately 13.778 pm, whereas the depth of channels
machined using direct current is 26.133 pm, represent-
ing an approximate 90% increase in depth for direct cur-
rent machining compared to pulsed current. Under the
conditions of using direct current, a voltage of 140 V,

@ Springer

and the scanning rate of 0.05 mm/s, the machined chan-
nel exhibits higher surface quality.

3) EJM with NaCl-EG electrolyte has demonstrated its abil-
ity to fabricate submillimetre structures on TA2, imply-
ing its proficiency in handling titanium and its alloys.
When an appropriate process window is chosen, sharp
edges and uniform microstructures can be achieved in
both dimples and channels, without dispersed corrosion
and flow marks, which always exist in conventional elec-
trochemical machining.
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