The International Journal of Advanced Manufacturing Technology (2023) 126:3339-3351
https://doi.org/10.1007/s00170-023-11306-3

ORIGINAL ARTICLE q

Check for
updates

Effect of the mask geometry on the microstructure forming
in through-mask electrochemical micromachining

Guogian Wang' - Shan Jiang' - Shoudong Ni' - Yan Zhang'

Received: 26 October 2022 / Accepted: 20 March 2023 / Published online: 31 March 2023
© The Author(s), under exclusive licence to Springer-Verlag London Ltd., part of Springer Nature 2023

Abstract

The manufacturing of surface microstructure is an important means for the modification of surface characteristics of parts.
Through-mask electrochemical manufacturing is also an efficient way to fabricate surface microstructures. Nevertheless, in
cases where the through-mask electrochemical manufacturing is used for the fabrication of microstructures, many experi-
ments are required to control the cross-section morphology of the microstructures. Furthermore, there is a lack of quantita-
tive analysis of the impact of key variables on the process. In this paper, using numerical simulations based on the mask
geometry, we analyze the effects of the aspect ratio of mask feature and the gap between cathode to mask on electrochemical
micromachining. We further investigate the influence laws of the mask geometry on the anode current density distribution
and forming process. A critical value of “0.8” is also determined for aspect ratio of mask feature which is closely related to
the anode current density distribution and forming process. The through-mask electrochemical micromachining experiments
confirm the effect laws of the geometric structure of the mask feature. And the critical value (0.8) of aspect ratio can be used

as the basis for selecting mask feature.

Keywords Mask geometry - Forming process, Aspect ratio of mask - Current density

1 Introduction

In surface engineering technology, it is essential to modify
the surface characteristics by preparing different array struc-
tures on the metal surfaces. This is to realize the functions of
metal surfaces such as drag reduction, heat transfer enhance-
ment, and friction reduction [1, 2]. The major preparation
methods of surface microstructures include additive and
subtractive manufacturing [3]. The through-mask electro-
chemical micromachining (TMEMM) is one of the subtrac-
tive manufacturing technologies for surface microstructure
manufacturing [4, 5].

TMEMM controls the electrolytic reaction area on the
anode workpiece by using an insulating mask. The mask
structure is copied onto the workpiece surface by the dis-
solution of the anode metal in the electrochemical reaction.
A unique advantage of TMEMM is its efficient microma-
chining process and good surface quality. Furthermore, it
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does not have any hidden risks such as thermal effect, stress
effect, and deformation of the workpiece after micromachin-
ing. Therefore, TMEMM is emerging as a promising pros-
pect in the field of surface microstructure manufacturing [6].
Many researchers investigate TMEMM properties such as
material removal rate, surface quality, and forming process
[7, 8]. One of the common research themes on the forming
process is focused on the analysis of the morphology evolu-
tion and forming accuracy of the microstructure.

Faraday’s law implies that the material removal rate in
the electrolysis process depends on the current density on
the material surface. Hence, different distributions of cur-
rent density on the machined surface lead to different form-
ing processes and microstructures. The factors affecting the
current density include power supply parameters, electro-
lyte characteristics, mass transfer in the flow field, and mask
geometry [9]. The impact of power supply parameters is
the most straightforward. For the same processing condi-
tions, the higher the voltage or current, the greater the cur-
rent density. Nevertheless, reasonable power supply param-
eters are also essential. Courtney et al. presented a process
to micromachine emitter array on porous metals by using
electrochemical etching with photolithographic mask. And
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they found that it is very important to control pulsed volt-
age for emitter uniformity and pore integrity [10]. Similar
in fabricating micro-pillar arrays, the effects of the current
density on surface morphology of the micro-pillar arrays
were investigated by Sun et al. [11]. Baldhoff et al. reported
that specific voltage is the key to micro-channel shape uni-
form during TMEMM on aluminum [12].

Furthermore, the efficiency of the electrolyte characteris-
tics on the current density is mainly affected by the conduc-
tivity, passivation, and activation of the solution. Different
electrolyte flow patterns will affect the product mass transfer
and conductivity stability, as reported by Kunar et al. [13]
and Zhao et al. [14]. The above factors mainly affect the
current density, whereas the mass transfer in the flow field
and the mask geometric characteristics also affect both the
current density and its distribution characteristics. One of
the major functions of the electrolyte flow field is to take
the electrolytic products away from the micromachining
region. However, lower mass transfer efficiency or uneven
mass transfer rate also affect the original conductivity of the
electrolyte, hence resulting in changes in the distribution of
current density on the machining surface. Therefore, Wu
et al. applied the jet technology to the TMEMM to obtain
more efficient mass transfer and better dimensional symme-
try [15]. Chen et al. set the mask on the cathode of jet elec-
trochemical machining, which significantly improving the
mass transfer efficiency and processing flexibility [16]. In
addition to changing the flow patterns, Zhai et al. found that
the megasonic wave agitation can improve the electrolysis
process so as to enhance the deep etching by approximately
57% relative to traditional TMEMM [17]. It was shown that
strengthening the mass transfer efficiency and improving the
mass transfer uniformity of the flow field can eliminate the
mass transfer effect of the flow field on the current density.

In TMEMM, the effect of the geometric structure of mask
feature on the current density is also unique. The main func-
tion of the mask is to control the electrolytic reaction region
and to ensure the accuracy of microstructure forming. Kunar
et al. covered the photolithographic mask on the cathode
surface to obtain reusable mask tool, which reduced the cost
and preparation time [18]. In order to promote the process-
ing localization, Chen et al. designed the masked porous
cathode and jet flow mode to achieve a contact processing
of TMEMM [19]. Although contact TMEMM improves the
localization, it reduces the mass transfer efficiency. There-
fore, Zhao et al. tried to heighten the mass transfer efficiency
by the magnetic field force and linear reciprocation, and got
up certain results [20]. Furthermore, the shielding and limit-
ing effect of the mask on the electric field directly affects the
magnitude and distribution of the current density. Mahata
et al. utilized low-aspect ratio mask to get higher current
density and more efficient processing in fabricating micro-
dimple array by TMEMM [21]. The highly effective flexible
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cathode was proposed by Patel et al. and applied to fabricate
micro-structures on various curved surfaces [22].

The existing research works also demonstrate a strong
regularity of the effect of mask geometry on the current den-
sity; nevertheless, a quantitative analysis of the relevant laws
is still lacking. Systematically analysis of the influence of the
geometric parameters on the current density and finding out
the important quantitative values enable predicting/control-
ling the forming process in TMEMM by designing the mask
geometric structure.

2 Physical model and conditions
for numerical simulation

The process of TMEMM is illustrated in Fig. 1a. The elec-
trolytic reaction region is composed of a cathode, an anode,
and an insulating mask. After reasonable simplification of
the electrolytic reaction region, the geometric model for
numerical simulation is constructed as shown in Fig. 1b. The
main boundaries include the cathode boundary I'}, anode
boundary I',, the side wall of the insulating board (I'; and
I',), and the virtual boundary of electrolyte (I'y and I'y).

In the simulation process, the electric field distribution
is calculated according to the Laplace equation, and the
material removal process is obtained based on Ohm’s and
Faraday’s laws. In this work, analyze the effect of geomet-
ric parameters among the cathode, mask, and anode on the
electric field distribution and anode forming process will
be analyzed, mainly including the gap between cathode and
mask (a), the opening width of the mask pattern structure (d)
(also to referred as the “mask pattern width”), and the thick-
ness of mask (#) which is the depth of mask pattern struc-
ture (also referred to as “mask pattern depth”). Among these
parameters, there is a correlation between the effect of mask
pattern width and mask thickness, which can be attributed
to the parameter called “aspect ratio (AR) of mask feature.”
This parameter denotes the ratio of the mask pattern depth
to its width (i.e., AR = h/d). The value range of the above
geometric parameters is shown in Table 1 where there are a
total of 3364 combinations of geometric parameters.

According to the above electric field model and geometric
characteristics, the COMSOL software was used to simulate
and calculate the geometric parameter combinations in a
parametric scanning mode. We also analyze the electric field
intensity distribution in the mask electrochemical machin-
ing area as well as the anode forming process. During the
simulation process, except for the geometric parameters, all
parameters remain unchanged. For easy the simulation pro-
cess, the current efficiency of the material is assumed to be
100%, and the other processing and material parameters are
presented in Table 2.
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Table 1 The value range of the geometric parameters

Geometric parameters Value range

Mask pattern width, d, mm 0.05,0.2,0.5,1

0.1~2.0, step-size 0.1

Gap between cathode and mask, ¢, mm 0.001~0.009, step-size 0.001
0.01~0.09, step-size 0.01

0.1~2.0, step-size 0.1

Aspect ratio of mask feature, AR

Table 2 Simulation conditions

Parameters Values
Processing voltage U (V) 30
Electrolyte conductivity ¢ (Q~'-m™) 7.9
Time step At (s) 0.2
Processing time 7(s) 60

3 Analysis of simulation results

In the process of TMEMM, the current density on the
anode surface determines the material removal rate. The
removal rates of the machined surface are also directly
associated with the variation of the anode surface morphol-
ogy. Also, the change of anode surface morphology results
in different gaps between the anode and cathode, affecting
the anode surface current density. Therefore, the variation
of anode surface morphology and current density distribu-
tion are interactively related and dynamically change.

In the following sections, the effect of geometric structure
on the initial current density distribution is analyzed. We
then discuss the critical geometric parameters affecting the
initial current density distribution characteristics. Finally, we
elaborate on the TMEMM anode forming principle.

3.1 Effect of the gap between the cathode
and mask on the initial current density

The initial current density distribution determines the initial
morphology of the anode and has a decisive influence on the
anode forming process. To compare the changes in current
density distribution, the normalized difference (ND) of cur-
rent density is introduced as a reference value. It is defined
as the ratio of the difference between the current density at
each point of the anode to the minimum and minimum cur-
rent densities:

ND = N i Niin
N min
where N, is the current density at point i and N;, denotes

the minimum current density on the anode surface. The
closer the normalized difference to 0, the more consistent
the current density distribution.

Figure 2 shows the effect of different gaps between the
cathode and mask on the initial current density, where
the mask thickness and its width are fixed. It is seen
that the initial current density gradually increases with
the decrease of the gap between the cathode and mask.
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Furthermore, the normalized difference of current density
gradually approaches zero, indicating that the distribution
of current density tends to be consistent by increasing
the gap. The increase in current density is attributed to
the increasing current density caused by decreasing the
gap that reduces the distance between the cathode and
the anode.

The change in the current density distribution is due to
the change in the binding force of the mask on the electric
field. Figure 3 shows that by reducing the gap between
the cathode and the mask, the current line in the mask
hollow region becomes more concentrated. Nevertheless,
it is more difficult to affect the anode current density
above the masking area. Therefore, by increasing the gap
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between the cathode and the mask, the electric field in
this area might impose a greater impact. This then sig-
nificantly increases the current density at the edge of the
mask structure compared to that of the center. By decreas-
ing the gap, the electric field is increasingly confined in
the mask structure, and the current density tends to be
more consistent.

For a “0” gap between the cathode and the mask, the
current density becomes completely consistent. This state
has been used in industrial engineering [23]. However, the
disappearance of the gap between the cathode and mask
could challenge renewing the electrolyte and the continu-
ity of the material processing. A consistent current density
while ensuring a certain distance is therefore favorable. To
further investigate this, in the following, we analyze the
effect of the aspect ratio (AR) of mask feature on the initial
current density.

3.2 Effect of AR of mask feature on initial current
density

Figure 4 shows the effect of the AR of mask feature on the
initial current density. Regardless of the distance between
the cathode and the mask, the initial current density distri-
bution tends to be consistent with the increase of AR value
and the current density gradually decreases. The reason is
the enhancement of the binding force of the mask in the
electric field. Figure 4 b shows that for a small AR of mask
feature, the mask cannot effectively constrain the electric
field effect in the mask region. Also, the current density at
the edge of the hollow area is higher than that of the center.
As the mask thickness increases, Fig. 4b shows that the
stronger the masking effect on the electric field in the mask
area, the greater the elimination of the concentration of cur-
rent density at the edge of the hollow area. This results in a
consistent current density. Therefore, increasing the value
of AR of mask feature also results in a consistent current
density distribution while ensuring sufficient spacing for
the electrolyte renewal.
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3.3 Critical geometric parameters of the initial
current density distribution

The previous analysis shows that both the gap between
the cathode and mask and the AR of mask feature affect
the initial current density. The distribution surface shown
in Fig. 5 can be therefore obtained by considering both of
the effects. The results show that the distribution of the
current density tends to be uniform with the decrease of
the gap between the cathode and mask. And the distribu-
tion of the current density also tends to be uniform with
the increase of the AR of mask feature. Further analysis of
the interactions between the two factors shows that for a

Fig.5 Initial current density
by considering both the gap
between the cathode and mask
and the AR of mask feature

ND of current density

ND of current density

(¢) d=0.5mm

small gap between the cathode and mask, by changing the
AR of mask feature, the normalized difference of current
density is insignificant.

Moreover, for a large AR of mask feature, the normal-
ized difference of current density no longer change with
the change of the gap between the cathode and mask. Fur-
thermore, the effect of AR on the normalized difference
of current density becomes more consistent by comparing
the variation trend of surfaces with different mask pattern
widths. Note that the effect of the distance between the
cathode and mask on the normalized difference of current
density is different under various mask pattern widths.
Compared to Fig. 5 a and d, where the mask pattern width
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is 0.05 mm and the gap between the cathode and mask is
less than 0.1 mm, the normalized difference in current
density is significantly decreased. For a 1-mm width of
the mask, with a gap between the cathode and mask lower
than 0.8 mm, the normalized difference of current density
is also significantly decreased. These results show that
to obtain uniform current density distribution, a smaller
mask pattern width requires a smaller distance between
the cathode and mask.

For further quantitative analysis, a normalized dif-
ference of current density needs to be given as the criti-
cal value to obtain the corresponding values of the gap
between the cathode to mask and the AR of mask feature.
In the real electrochemical machining process, when the
normalized difference of current density on the anode
surface reaches 0.01, the distribution of current density
becomes uniform. Therefore, the critical value (“0.01”")
of the normalized difference of current density is set for
screening the calculation results.

Table 3 presents the combination of the gap between
the cathode and mask and the AR of mask feature result-
ing in a normalized difference in the current density
(0.01) on the anode surface. Comparing the data, it is
further seen that the smaller the mask pattern width, the
smaller the gap required between the cathode and mask to
obtain a uniform current density. The smaller the aspect
ratio of the mask feature, the smaller the gap between
the cathode and the mask is required to obtain uniform
current density. For instance, for a mask pattern width of
0.05 mm and the AR of mask feature of 0.1, the distance
between the cathode and mask needs to be less than or
equal to 0.001 mm. This enables the anode surface to
achieve a uniform current density distribution. However,
when the mask pattern width is 1 mm and the AR of mask
feature is the same, a uniform current density distribu-
tion is obtained on the anode surface. In this case, the
required distance between the cathode and the mask is
only 0.01 mm. In Table 3, there is an important node in
the AR of mask feature, where the AR of mask feature is
0.8, a uniform current density distribution is achieved,
and the required distance between the cathode and the
mask is 2 mm.

Comparing the AR of mask feature of 0.7 and 0.8, the
corresponding gap between the cathode and mask is rather
abrupt indicating that homogenization of anode surface
current density distribution in this range. Therefore, the
value of 0.8 is an important node value of the AR of mask
feature. The significance of the value is for a small mask
pattern width; it is difficult to obtain a uniform current
density distribution by adjusting the gap between the cath-
ode and the mask. Therefore, a uniform current density
distribution can be obtained through this AR of mask fea-
ture. Even for a small mask pattern width, the aspect ratio
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Table 3 Node values of key parameters

Width of mask AR of Gap between the Normalized dif-
feature (mm)  mask cathode and mask ference of current
feature (mm) density
0.05 0.1 0.001 0.0105
0.2 0.001 0.0046
0.3 0.002 0.0069
0.4 0.003 0.0068
0.5 0.005 0.0078
0.6 0.009 0.0089
0.7 0.02 0.0092
0.8 2 0.0082
0.2 0.1 0.003 0.0095
0.2 0.006 0.0092
0.3 0.01 0.0099
04 0.01 0.0051
0.5 0.02 0.0079
0.6 0.03 0.0072
0.7 0.09 0.0098
0.8 2 0.0073
0.5 0.1 0.007 0.0084
0.2 0.01 0.0045
0.3 0.02 0.0069
0.4 0.03 0.0068
0.5 0.05 0.0078
0.6 0.1 0.0099
0.7 0.2 0.0090
0.8 2 0.0060
1 0.1 0.01 0.0048
0.2 0.03 0.0091
0.3 0.05 0.0098
0.4 0.07 0.0087
0.5 0.1 0.0079
0.6 0.2 0.0099
0.7 0.5 0.0099
0.8 2 0.0060

value of the mask feature can be used as an important
mask structure selection standard.

3.4 Analysis of anode forming process

Analyzing the relationship between mask feature and initial
current density shows that mask feature with different AR
results in different initial current density distributions. The
initial current density distribution also affects the formation
of subsequent anodes. Here, we investigate the forming of
anode under various initial current densities.

As an example, we consider the mask feature width
of 0.05 mm and the anode-cathode spacing of 1 mm and
simulate the forming process of mask feature with different
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Table4 Normalized difference of initial current at different ARs of

mask feature

AR of mask feature

Normalized differ-
ence of initial current
density

0.2 0.2344
0.5 0.0385
0.8 0.0059
2 0

aspect ratios. Table 4 presents four selected ARs of mask
feature and the corresponding normalized difference of ini-
tial current density.

The cross-section morphology of the anode at different
processing times can be calculated using the mathemati-
cal model of anodic dissolution in mask electrochemical
micromachining. This is then used to analyze the forming
principles of the anode. Figure 6 shows the calculated vari-
ation curve of anode section morphology at different pro-
cessing times. The change of anode cross-section morphol-
ogy at the AR of mask feature of 0.2 and the normalized
difference of initial current density of 0.2344 is presented
in Fig. 6a. It is seen that the normalized difference of cur-
rent density at the initial moment of the anode is rather
large. The distribution of current density is also higher
at the edge and lower at the center. Therefore, the anode

cross-section morphology obtained after processing for 1 s
has a “hump” morphology with a bulge in the center.

As the processing goes on, the central bulge is gradu-
ally eliminated. For the processing time of 10 s, the anode
section forms a flat-bottomed pit. By further increasing the
processing time, the anode section morphology gradually
forms arc-shaped pits. By increasing the aspect ratio to 0.5,
the normalized difference of the initial anode current density
decreases to 0.0385.

The changes in the anode section morphology are also
shown in Fig. 6b. The process follows the same trend as the
case where the aspect ratio is 0.2. However, for a processing
time of 1, since the normalized difference of the initial cur-
rent density decreases, the bulge of the anode section center
is smaller. At the same time, when the processing time is
5 s, the anode section formed a flat-bottomed pit. With the
increase of time, the anode section morphology gradually
forms an arc-shaped pit. Figure 6 c and d show the changes
of the anode cross-section morphology for AR of mask fea-
ture of 0.8 and 2, respectively.

Since the normalized difference of the current density at
the initial time of the anode is less than 0.01, the distribution
of current density is uniform. Therefore, there is no central
convex cross-section morphology during the processing.
However, it directly changes from a flat-bottomed pit to an
arc-shaped pit. By comparing the electrochemical corrosion
depth of the anode surface at the same time under different
aspect ratios, it is also seen that the smaller the AR of mask
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feature, the greater the corrosion depth of the anode surface
at the same processing time.

The physical model of the electric field during the
mask electrochemical micromachining also implies that
the current needs to pass through the mask pattern. It is
then transmitted from the anode to the cathode. The mask
structure with a high aspect ratio can effectively constrain
the electric field distribution on the anode surface. With
the increase of the AR of mask feature, the shielding of the
mask to the electric field also increases; hence, the electric
field strength on the anode surface gradually decreases. It
is also seen that increasing the aspect ratio of the mask
structure reduces the efficiency of ECM.

The change process of anode cross-section morphology
with different aspect ratios also indicates that in TMEMM,
the changes of anode cross-section morphology can be
divided into two categories. For normalized differences
(ND) of the initial current density greater than 0.01, the
variation process of the cross-section morphology of the
anode is shown in Fig. 7a. As seen, it develops from a con-
vex cross-section to a flat-bottom cross-section, and finally
forms an arc cross-section.

In cases where the normalized difference of initial cur-
rent density ND is lower than 0.01, the variation process of
anode section morphology is shown in Fig. 7b. As seen, it
changes from a flat bottom section to a circular arc section.
In practical engineering applications, different initial cur-
rent densities can be obtained by changing the AR of mask
feature. According to the above analysis, when the AR of
mask feature is no less than 0.8, the normalized difference
of anode initial current density can be less than 0.01. If a
larger normalized difference of current density is required,
a smaller AR of mask feature can be selected. Therefore, a
reasonable mask structure can be selected according to the
processing requirements.

N —

| |
W

(2) (b)

Fig.7 The variation process of anode section morphology: a AR <
0.8;bAR>0.8
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To quantitatively analyze the material removal prin-
ciple of the anode in TMEMM, the etch factor (EF) is
introduced. In TMEMM, the material removal on the
anode surface occurs simultaneously in different direc-
tions. There exists axial corrosion in the Y-axis direction
and lateral corrosion in the X-axis direction. The ratio of
the two etching depths is the etching factor EF. In other
words, EF represents the mask electrolysis processing rule
under different mask and processing conditions. The equa-
tion of etching factor (EF) is:

2H

where H is the corrosion depth in the Y-axis direction, D
denotes the width or diameter of the processed structure, and
d is the width or diameter of the mask structure. The differ-
ence between the two values is the lateral corrosion width
in the X-axis direction.

Figure 8 shows the anodic etching factor EF versus time
for four different ARs of mask feature. It is seen that the
anodic etching factor gradually decreases with the extension
of processing time regardless of the mask depth width ratio.
This indicates that with the increase in processing time, the
axial etching factor of the anode is decreased and the lateral
etching factor is accelerated. At a certain time, the anodic
etching factor becomes stable. With the progress of pro-
cessing, the gap between the anode and cathode gradually
increases, and the current density on the anode surface tends
to be consistent.

The curves of anodic etching factor under different
ARs of mask feature are compared horizontally. As seen,
at the same processing time, the larger the AR of mask
feature, the higher the anodic removal ratio is. For ARs of
mask feature equal to 0.2 and 0.5, at the processing time
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Fig.8 Anodic etching factor EF versus time for four different ARs of
mask feature
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of 20 s, the anodic etching does not change. For the AR
of mask feature equal to 0.8, the anodic etching becomes
stable after 30 s. For the AR of mask feature equal to 2,
the anodic removal etching reaching becomes stable after
40 s. These results show that a larger AR of mask feature
can effectively strengthen the corrosion in the anode depth
direction while constraining the lateral corrosion. By ana-
lyzing the etch factor of TMEMM, it is also seen that even
for a large AR of mask feature, it is difficult to machine a
structure with an aspect ratio greater than 1. Therefore,
TMEMM is mostly used to process metal array structures
with small aspect ratios.

By analyzing the anode forming process under differ-
ent mask structures, it is found that the normalized dif-
ference of anode initial current density is different due to
different AR of mask feature. This results in two types of

Table 5 Mask geometric parameters and AR of mask feature

anode-forming processes in TMEMM. Furthermore, the
larger the AR of mask feature, the higher the anode etch-
ing factor in TMEMM. However, the anode etching factor
always decreases gradually with the processing time. As
a result, TMEMM is more suitable for the processing of
array structures with small aspect ratios.

4 Experiments

To verify the accuracy of the numerical simulation, the
TMEMM experiment of micro-pits is designed. In the
experiment, the mask structure with array-hole is used to
process the pits on the anode. The diameter of the mask
hole is 50 pm. By changing the thickness of the mask,
the different combinations of aspect ratio are formed; the
values are shown in Table 5. The changes in current and
anode morphology in the experiment are also analyzed to
verify the accuracy of the simulation. Note that the mate-
rial of anode is SUS 304, and the electrolyte is 10% NaNO,

Mask thickness (pm) Mask hole diameter (um) AR (]’{f solution. The other experimental conditions are consistent
mas . . . o
feature with the 31m1.11at10n conditions. .
The experimental results are analyzed using a laser con-
10 50 0.2 focal microscope and a scanning electron microscope. The
25 50 05 laser confocal fiber is used to measure the diameter, depth,
40 50 0.8 and profile of the micro-pits, whereas the scanning electron
100 50 2 microscope is used to observe the overall surface morphol-
ogy of the whole array of the micro-pits.
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Figure 9 shows the cross-section curve of micro-pits
measured by laser confocal focusing. Since after 1 s the
processing depth processing is too small, the contour curve
obtained using the confocal measurement is irregularly
wavy. This might be attributed to the limited resolution of
the confocal microscope. Therefore, the measuring nodes
of processing time are adjusted to 3 s, 105,205, 305,40 s,
50 s, and 60 s. The results show that the variation trend of
the microgroove section with a different AR of mask feature
is almost consistent with that of simulation, but the etch-
ing rate of materials in different directions has changed. In
the simulation results, with the progress of processing, the
gap between cathode and anode gradually increases while
the material etching rate gradually decreases, where the
decrease keeps the same proportion in the axial direction
and the lateral direction. In a real machining process, how-
ever, the material etching rate decreases more, especially
when the aspect ratio is greater than 0.5. As the processing
time increases from 40 to 50 s, the axial etching amount
only increases about 1-2 pum, i.e., the processing almost
stops.

This is because in real processing, the current efficiency
of SUS304 sharply drops by dropping the current density
and the material etching rate reaches zero [24]. This is
also seen in the radial etching rate of the anode. In the
simulation results, although the radial etching rate is lower
than the axial etch rate, the etching amount always exists.
As shown in Fig. 6, the radial etching rate is almost con-
stant after 20 s of machining. However, in the real pro-
cessing, the radial etching is maintained at a high rate in
the first 20 s and then rapidly decreased after 20 s. Due
to the rapid decrease of current density, the current effi-
ciency becomes close to 0, 40, to 60 s. The material etching
amount becomes very small and tends to be 0.
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Fig. 10 Anodic etching factor EF versus time for four different ARs
of mask feature
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The etching factor can be also used to quantify the
machining process. Figure 10 shows the etching factor in
real machining. It is seen that although the basic trend is
consistent with the simulation, the etching factor of tem-
plates with large aspect ratios is significantly higher than
that of those with small aspect ratios. In particular, the
etching factor in real machining is higher than in the simu-
lation, the lateral material removal rate is slower in actual
machining. This is because the mask not only shields the
electric field, but also weaken the mass transfer process
of the electrolyte flow field under the mask. Moreover, for
ARs of mask feature equal to 0.2 and 0.5, the etching factor
is continuously decreasing, and there is no trend similar to
the simulation result that tends to be constant. For a large
AR of mask feature, the etching factor is even increasing.
Obviously, in the late stage of processing when the current
density decreases, the etching of material tends to stop in
radial direction. Thus, the aspect ratio of mask feature has
a more significant impact on the change of anode morphol-
ogy in actual machining.

Figure 11 shows the micro-topography of the micro-pit
array processed by TMEMM with various aspect ratios
after 50 s of processing. The micro-pits obtained by masks
with aspect ratios of 0.2 and 0.5 are close to flat-bottomed
sections, while those obtained by masks with an aspect
ratio of 0.8 and 2 are circular arc sections. The three-
dimensional topography in Fig. 11 is almost consistent
with the two-dimensional contour in Fig. 9. Under the
same processing conditions, the processing morphology
can be controlled by changing the mask geometry. Fur-
thermore, due to the decrease of current density in the
final stage of machining, the machining reaches the elec-
trolytic finishing stage, and the surface roughness of the
bottom of the micro-pit is small. The surface morphology
magnified to 2000 times shows that the surface structure
is dense and uniform. The above results show that if a
flat-bottomed pit array need be fabricated, the mask with
lower aspect ratio should be used. Conversely, the mask
with large aspect ratio is more suitable for fabricating an
arc-bottomed micro-pits. The critical value (0.8) of AR
can be used as the basis for selection. Of course, if the
processing efficiency is taken into consideration, using the
masks with small aspect ratios is advantageous.

The diameter (D), depth (H), and roughness (Ra) of
micro-pits are measured by professional instruments. All
measured data are listed in Table 6. The measured data show
that TMEMM has high stability. The mask with low aspect
ratio can obtain larger diameter and depth, i.e., higher effi-
ciency. Correspondingly, the mask with high aspect ratio
is easier to obtain high EF and low roughness. Therefore,
different mask aspect ratios can be selected when facing dif-
ferent processing requirements.
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Fig. 11 Micro-topography of the micro-pit array processed by TMEMM with various aspect ratios after 50 s of processing: a AR = 0.2; b AR =

0.5;¢cAR=0.8;dAR=2

Table 6 Measurement results of

X . . ARs of mask  Measurement  Serial no.
micro-pits under different ARs
of mask feature 1 2 3 4 5 6 7 8 9
AR=0.2 D (pm) 90.43 91.12 90.31 90.56 91.01 90.22 90.71 9048 91.20
H (pm) 36.33 37.03 36.58 36.15 36.87 3623 36.72 3622 37.07
Ra (pm) 1.622 1.643 1.673 1.734 1722 1.768 1.665 1.840 1.857
AR=0.5 D (pm) 83.16 83.51 8279 8359 8391 8348 83.84 8344 83.13
H (pm) 33.58 3398 3322 34.03 33.76 34.14 3384 3373 3392
Ra (pm) 1.601 1.543 1.623 1.593 1.613 1582 1.641 1.557 1.539
AR =0.8 D (pm) 78.63 78.74 78.31 7829 78.81 79.12 79.04 7847 79.26
H (pm) 28.92 28.54 28.38 29.12 29.03 29.23 2895 28.78 29.06
Ra (pm) 1.211 1256 1.101 1.104 1.089 1.032 1.207 1.189 1.072
AR=2 D (pm) 69.89 70.25 7043 70.18 70.33 69.85 70.06 70.18 70.24
H (pm) 2294 23.64 2341 2322 2315 2287 2337 23.16 23.32
Ra (um) 0934 0.926 0.889 0.941 0.932 0951 0.892 0.933 0.961
5 Conclusions 1). For any AR of mask feature, decreasing the gap

In this paper, we use numerical analysis to investigate the
geometric structures of mask feature on the efficiency of
TMEMM. The aspect ratio (AR) of the mask feature and
the gap between the cathode and the mask are the most
important factors of mask feature. Then, the TMEMM
experiment of micro-pits is conducted. The experimen-
tal results verify the influence of mask feature on the
TMEMM. The main conclusions are the following.

2).

between the cathode and mask improves the uniformity
of the current density distribution on the anode surface.
To generate a consistent current density distribution,
the smaller the mask structure width and AR of mask
feature, the smaller the required gap between the cath-
ode and mask. The implementation and processing
conditions are also more stringent.

The greater AR of the mask, the more consistent the
anode surface current density distribution. Further-
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3).

4).

Auth

more, for an AR of mask feature greater than or equal
to a critical value of 0.8, the anode current density
distribution becomes consistent regardless of the con-
ditions of the cathode and mask gap.

It was shown that the critical value (0.8) of AR can be
used as an important reference value for the design of
the geometric structure of the mask. In other words,
if the AR is less than 0.8, the forming process of the
anode section follows a “convex section — flat bottom
section — arc section” pattern. Also, for the AR greater
than or equal to 0.8, the forming process of the anode
section follows a “flat bottom section — circular arc
section” pattern.

The experimental results of TMEMM also confirm the
essential impact of AR of mask feature on the current
density distribution and anode forming process, and
its critical value of 0.8. Given the impact of the cur-
rent efficiency of material on practical processing, the
results further confirm that the effect of AR of mask
feature is improved. For a small aspect ratio, it is easier
to obtain a flat bottom section on the anode where its
curvature is smaller even for the arc-shaped surfaces.
For a large aspect ratio, the anode section can quickly
form an arc or even a semicircular section. This con-
firms that it is feasible to control the anode cross-sec-
tion shape in TMEMM by taking the critical value of
AR of mask feature (0.8) as a reference combined with
the specific material characteristics.
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