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Abstract 

Microstructures are applied in various fields to improve the friction and lubrication of mechanical 

components. Through-mask electrochemical etching (TMEE) has shown good feasibility in machining 

microstructures array. However, the machining precision of microstructures gradually decreases with 

increasing etching depth in TMEE. Localization and uniformity are essential indicators of machining 

precision in TMEE. Herein, particle assisted through-mask electrochemical etching (PA-TMEE) 

method was proposed to improve the localization and uniformity. Firstly, a coupled multi-physical 

field model, including gas-liquid two-phase flow, particle motion, and electrochemical processes, was 

established and adopted to predict the profiles of micro pits. Secondly, a comparison experiment 

between PA-TMEE and traditional TMEE was performed. The experimental results show that using 

PA-TMEE instead of TMEE resulted in improved localization and uniformity of the micro pits array. 

Then, the paper analyzed the effect of particle diameter and content on micro pits. When the particle 

diameter was 40 μm, and the particle content was 6 g/L, the maximum etching factor was 2.4. The 

minimum coefficient of variation of the diameter and depth of micro pits were 3.3% and 5.2%. Finally, 

The machining mechanism of PA-TMEE was analyzed by Scanning Electron Microscopy and Energy 

Dispersive Spectrometer.  

 

Keywords: particle; through-mask electrochemical etching; localization; uniformity 
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1 Introduction 

Microstructures have been frequently exploited to improve component tribological qualities [1-

4]. A number of methods have been developed to produce microstructures in different ways, such as 

laser beam machining [5], micro-milling [6], electrical discharge machining [7], and through-mask 

electrochemical etching (TMEE) [8, 9]. Compared to these methods, TMEE is a promising method for 

microstructures preparation with no tool wear, no heat-affected layers, and high machining efficiency. 

As a result of anodic passivation, TMEE is relatively low precision and is mainly used for 

machining shallow textures [10, 11]. In order to improve the machining precision of TMEE, 

localization and uniformity are widely concerned and used to evaluate the machining precision of 

TMEE. The etching factor (EF) is used to describe the etching localization. The ratio of the standard 

deviation of the micro pits to the mean value is defined as the coefficient of variation (CV). CVdiameter 

and CVdepth describe the uniformity of the diameter and depth of micro pits. Notably, a smaller CV 

indicates better uniformity. Many have developed TMEE machining to improve localization and 

uniformity. Qian [12] proposed the auxiliary anode to improve localization. The auxiliary anode 

reduced the current density around the etching area. The diameter of the micro dimples was reduced 

from 400 μm to 270 μm, and the etching depth was reduced from 18 μm to 17 μm. The addition of the 

auxiliary anode increased the EF from 0.18 to 0.49. Chen [13] prepared uniform micro-dimple arrays 

with a diameter of 143 μm and a depth of 35 μm using an auxiliary anode. The normalized diameter 

of the micro-dimple arrays increased from 0.8 to 0.95, and the normalized depth increased from 0.6 to 

0.95 (EF was 1.6). Zhang [14] developed sandwich-like TMEE to improve uniformity by uniformizing 

the current distribution of the anode. When the etching diameter was 109 μm, and the etching depth 

was 11.2 μm, the EF was 2.5. The diameter and depth standard deviations were 0.731 μm and 1.241 
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μm, respectively (CVdiameter was 0.7% and CVdepth was 11.1%). In addition, to effectively remove 

bubbles and insoluble electrolysis products, porous cathodes were introduced into sandwich-like 

TMEE. The average diameter of etching micro dimples was 111 μm, and the average depth of etching 

micro dimples was 9.2 μm. The diameter and depth standard deviations were 2.39 μm and 1.51 μm, 

respectively [15] (EF was 1.7; CVdiameter was 2.2%, and CVdepth was 16.4%). Pan [16] proposed a 

high-pressure hydrostatic electrolyte to improve the uniformity of TMEE. Micro dimple arrays were 

prepared with an average etching diameter of 105.95 μm and an etching depth of 9.79 μm. 

Corresponding the standard deviations of 0.59 μm and 0.21 μm (EF was 3.3; CVdiameter was 0.6%, 

and CVdepth was 2.1%). Based on the above literature, the maximum etching depth does not exceed 

35 μm. The localization and uniformity of deep metal microstructures in TMEE are rarely studied. 

Deep metal microstructures are widely used in various research fields such as aerospace, optical 

instrumentation, automotive and biomedical technology. Deep metal microstructures have been 

increasing interest [17-19]. However, the poor localization and uniformity of the deep metal 

microstructures array limit the application of TMEE. TMEE involves several physical and chemical 

processes such as electric field distribution, gas transfer, electrolyte flow, and electrochemical 

reactions. Significantly, the passivation film prevents the mass transfer and electrochemical reactions 

at the interface. This phenomenon intensifies with increasing etching depth. Therefore, it is extremely 

challenging to improve the localization and uniformity of deep metal microstructures [20, 21]. 

This study introduced particles in TMEE to improve localization and uniformity. Firstly, a PA-

TMEE simulation model was established to analyze the influence of particle erosion on the diameter 

and depth of the micro pits array. Secondly, comparative experiments demonstrated that introducing 

particles can improve the localization and uniformity of the micro pits array. Then, the effect of the 
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particle diameter and content on the localization and uniformity of the micro pits array was 

investigated. Finally, the machining mechanism of PA-TMEE was investigated by Scanning Electron 

Microscopy (SEM) and Energy Dispersive Spectrometer (EDS). 

2 Working principle and simulation analysis 

2.1 Working principle of the PA-TMEE method 

The anode surface is oxidized during the PA-TMEE, as shown in equations (1)−(3). Passivation 

film (insoluble electrochemical products) seriously affects electrochemical etching. It is worth noting 

that, on the one hand, passivation film can reduce lateral erosion. On the other hand, the excessive 

passivation film can prevent or terminate the TMEE. The SiC particles are driven within the electrolyte 

and erode the bottom of the micro pits. Therefore, the passivation film is selectively removed from the 

bottom of the micro pits. Then, the metal surface without the passivation film continues to dissolve, 

resulting in a deep etching. The schematic diagram of the principle of PA-TMEE to improve the 

localization is shown in Fig. 1(a). For large-area micro pits array, the etching at the edge of the 

workpiece is usually more significant than that at the center due to the edge effect of the electric field 

[13, 22]. The difference in etching amount causes a non-uniform distribution of the passivation film 

content. In other words, the passivation film content varied with the position. However, particle erosion 

can significantly reduce the non-uniformity of the passivation film distribution, as shown in Fig. 1(b).  

2Fe - 2e Fe                                (1) 

 2

2
Fe 2OH Fe OH                             (2) 

   2 22 3
4Fe OH 2H O + O 4Fe OH                     (3) 
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Fig. 1 Principle diagram of PA-TMEE: a effect of PA-TMEE on localization; b effect of PA-TMEE 

on uniformity 

2.2 Theoretical analysis 

TMEE is a complicated process because the electrochemical reaction is affected by a lot of 

physical parameters. It is well known that the machining precision of TMEE depends strongly on both 

the conductivity of the electrolyte and the film resistance of the anode [23, 24]. In contrast to TMEE, 

the particles significantly affected the conductivity of the electrolyte and the film resistance of the 

anode in PA-TMEE. Therefore, the theoretical analysis focuses on the effect of particles in this paper. 

To realize the coupling between the particles and the electric field, we use the reaction model as shown 

in Fig. 2. The electrolyte drives the particles to erode the surface of the anode continuously. On the 

one hand, introducing particles reduces the electrolyte's electrical conductivity. On the other hand, 

particle erosion decreases the film resistance of the passive film on the anode. Both will affect the 

current density. Finally, PA-TMEE was simulated using flow field, particle tracking, electric current 

and deformed geometry models.  
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Fig. 2 Basic principle of the reaction model 

2.2.1 Flow field model 

During electrochemical etching, cathode and anode produce gas and metal ions, respectively. Thus, 

the electrochemical system was viewed as a gas-liquid two-phase flow model. The Navier-Stokes 

equation can describe it as: 

 l
l l l l l l l lρ ρ ( ( ) ρT

p
t

             
u

u u I u u g F               (4) 

l lρ 0 u                                    (5) 

Where lρ  is the electrolyte density,   is the dynamic viscosity of the electrolyte, lu  is the flow 

velocity, p  is the pressure, l  is the volume fraction of the liquid phase, and F  is the volume force. 

The gas phase transport equation is: 

g g

g g g gl

ρ
ρ m

t





  


u                          (6) 

Where 
gu  is the gas phase velocity, 

g  is the volume fraction of gas phase, and glm  is the mass 
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transfer rate from the gas to the liquid. 

2.2.2 Particle tracking model 

In this paper, the particle tracking model was used to simulate the motion and force of SiC particles. 

The particle tracking model allows for excellent controlling particle properties and coupling with the 

flow field. The electrolyte with SiC particles continuously eroded the surface of the anode micro pits. 

Newton's second law controlled the motion of SiC particles in fluids: 

 d m

dt
 t

u
F                               (7) 

where u  is the velocity of the particle, m  is the mass of the particle, and tF  is the total force. 

The Finnie erosion model [25] was used to calculate the quality of the erosion of SiC particles on 

the surface of the anode micro pits.  
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where i  is the i -th particle, m  is the total mass of eroding particles, c  is the particle ratio for 

ideal cutting, p  is the Vickers hardness of the metal, m  is the mass of a single particle, r  is the 

average particle radius, I  is the rotational inertia of the particle,   is the angle of incidence, P  is 

a dimensionless parameter, K  is the ratio of the vertical force of the particle to the horizontal force. 

The anode passivation film was assumed to be a cylinder of equal cross-sectional area 

perpendicular to the electric field direction. Then, the resulting eroding mass m  was combined with 
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Ohm's law R L S  to calculate the change in resistance of the passivation film after eroding of the 

SiC particles as: 

2

anodeρf

m
R

S

 
                                 (11) 

f
R  is the amount of change in resistance of the passivation film,   is the resistivity of the 

passivation film, and anodeρ  is the density of the anode metal, and S  is the cross-sectional area of 

the electrolysis product perpendicular to the direction of the electrical field. 

2.2.3 Electric current model 

During electrochemical etching, the change in conductivity of the electrolyte causes a change in 

the electric field. A constant temperature water bath will control the electrolyte temperature. Therefore, 

the effect of temperature on the conductivity is neglected. The change in conductivity is shown in 

equation (12) [26]: 

0 (1 )n                                  (12) 

Where 0  is the initial conductivity,   is the volume fraction of the insulation in the electrolyte, 

g p    , 
g  and 

p  represent the volume fraction of gases and the volume fraction of particles, 

respectively. n  is the Brugman coefficient. 

The change in electrolyte conductivity will cause a change in the electric field, which is related 

as follows: 

 ei                                (13) 

where ei  is the current density and   is the total voltage. 

Since a passivation film will be formed at the interface between electrode and electrolyte, leading 

to additional voltage loss. 
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 f f fR R  i                            (14) 

where f  is the potential drop generated by the passivation film, i  is the total current, and fR  is 

the initial film resistance. 

Equation (13) can become: 

  f f
R R   ei i                       (15) 

The anode dissolution velocity can be concluded from Faraday's law as shown in equation (16): 

anode 0ρ F

M
v

z


 ei                              (16) 

Where v  is the anode dissolution rate, M  and anodeρ  is the molar mass and density of the anode 

metal, respectively. z  is the volumetric electrochemical equivalent of the material, and 0F  is the 

Faraday constant. 

The above theoretical analysis shows that SiC particles can affect the conductivity of the 

electrolyte and anode film resistance, which consequently affects electrochemical machining. On the 

one hand, the addition of particles decreases the conductivity of the electrolyte, thus reducing lateral 

corrosion. On the other hand, the selective etching of particles on the passivation can reduce the anode 

film resistance and improve the etching depth. So simulations and experimental validation are carried 

out in this paper. 

2.3 Model building and simulation conditions 

A coupled multi-physical field model was developed to study the effect of particles on TMEE, 

which contains a flow field model, an electrochemical model, and a particle motion model. COMSOL 

Multiphysics (COMSOLAB, Stockholm, Sweden) was employed to couple and analyze all models. 

Fig. 3 depicts a simple two-dimensional model for the multi-physics field calculation. The anode was 
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304 stainless steel, and the cathode was a carbon plate. The length L of the cathode and anode was 80 

mm. The distance T1 between the cathode and the mask was 26.994mm. The thickness of the mask T2 

was 0.006mm. The mask had uniformly distributed penetration holes with the characteristic size l of 

0.1 mm. The 100 g/L NaNO3 and 10 g/L NaCl electrolyte with 40 μm SiC particles flowed from the 

inlet to the outlet at 0.8 m/s. The parameters of the simulation are shown in Table 1. The following 

assumptions were used to simplify the model: 

(1) The electrolyte had a constant dynamic viscosity [27]. 

(2) The interactions between SiC particles were not considered [28]. 

 

Fig. 3 PA-TMEE model for multi-physical field simulation 

Table 1 Parameters of the simulation 

Simulation parameters Value 

Dynamic viscosity of the electrolyte. μ 1.004×10-3Pa·s 

Electrolyte density, ρ 1100kg/m3 

Electrolyte temperature, T 298K 

Application Voltage, U 10V 

Machining time, t 60s 

Initial conductivity, 0  10S/m 

Number of particles, n 3000 
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2.4 Simulation results 

Fig. 4 shows the spatial distribution of SiC particles in the PA-TMEE. The SiC particles impact 

the micro pits and walls under the combined gravity and electrolyte. The erosion of SiC particles 

promotes the directional removal of the passivation film on the micro pits. Fig. 5 shows the distribution 

of the average erosion mass caused by SiC particles eroding the surface of micro pits. The erosion of 

SiC particles affects the central region of the anode significantly more than the edges. Fig. 6 compares 

the profiles change of micro pits with and without particles. In traditional TMEE, the dimension of the 

micro pits varies with the position. In contrast, in PA-TMEE, the dimension of each micro pit is almost 

the same regardless of the position, which means that the micro pits array has excellent uniformity. 

The CVdiameter of the micro pits was reduced from 7.3% to 2.4%, and the CVdepth from 12.5% to 4.3%. 

 

Fig. 4 The spatial distribution of SiC particles in the PA-TMEE 
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Fig. 5 Average erosion mass distribution of SiC particles on the surface of the micro pits 

 

Fig. 6 Comparison of anode profiles with PA-TMEE and traditional TMEE 

Fig. 7 shows the profiles of a micro pit at the center of the workpiece with TMEE and PA-TMEE. 

The average etching diameter and depth of traditional TMEE were 172.1 μm and 50.1 μm, respectively. 

The EF of micro pits was 1.4. After particle erosion, the average etching diameter of the micro pits 

reduced to 152.8 μm, and the average etching depth increased to 61.8 μm with an EF of 2.3. These 

findings suggest that, from a simulation perspective, particle erosion facilitates improved localization 

of micro pits. 
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Fig. 7 Comparison of single micro pit profile with different machining methods: a traditional TMEE; 

b PA-TMEE 

3 Experiment 

PA-TMEE experiments were to verify the effect of particles on the localization and uniformity of 

electrochemical machining. Firstly, polished 304 stainless steel was used as the substrate and cleaned 

in an ultrasonic cleaner with acetone and ethanol. Then, the mask was used as a BN303 photoresist 

with 100 μm diameter micro pits. The fabrication of the mask includes photoresist coating, pre-baking, 

exposure, photoresist development, and post-baking. Fig. 8 shows the designed PA-TMEE device used 

for all experiments in this paper. The designed PA-TMEE device mainly consisted of fastening screws, 

conductive screws, cathode clamps, and anode clamps. Graphite was used as a cathode conducting 

material. 100 g/L NaNO3 and 10 g/L NaCl were adopted as electrolytes due to their low cost, good 

availability, and relatively low toxicity. During the PA-TMEE, the particles were driven by an 

electrolyte pump. A comparative experiment between TMEE and PA-TMEE was carried out to verify 

the effect of particles. The specific experimental parameters are shown in Table 2. The profiles of the 

micro pits were characterized by STM7 (OLYMPUS) microscopic. 
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Fig. 8 The schematic view of PA-TMEE 

Table 2 Parameters of the etching experiments 

Experiments Experiment1 Experiment2 

Comparison experiments Traditional TMEE PA-TMEE 

Dispersion phase  SiC, 4 g/L, particle diameter 40 μm 

Application voltage 10V 10V 

Etching time 60s 60s 

Flow rate 3L/min 3L/min 

Electrolyte temperature 30℃ 30℃ 

4 Results and discussion 

4.1 Comparative analysis of traditional TMEE and PA-TMEE 

Fig. 9 shows the produced micro pits by TMEE and PA-TMEE. It can be seen that a uniform 

micro pits array can be produced using PA-TMEE. Ten test points were selected along A-A and B-B, 

respectively. Fig. 10(a) shows the measuring results. The average diameter of micro pits was 154 μm, 

and the average depth was 55.7 μm in PA-TMEE. The average etching micro pits diameter was 168.1 
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μm, and the average etching depth was 51.7 μm in TMEE. EF improved from 1.5 to 2.1 with particles. 

CVdiameter decreased from 8.3% to 3.7%, and CVdepth decreased from 14.4% to 5.4% with particles. The 

results showed that PA-TMEE improves the uniformity and localization of the micro pits. Meanwhile, 

Fig. 10(b) compares the experimental and simulated etching dimensions in the PA-TMEE method. The 

results show that the simulation errors of etching diameter and etching depth are 0.78% and 10.95%, 

respectively. 

 

Fig. 9 Comparison of electrochemical etching results: a traditional TMEE; b PA-TMEE (A-A and B-

B are the selected directions of the test points) 

 

Fig. 10 Comparison of etching results: a comparison of etching diameter and etching depth for 

different machining methods; b comparison of simulated and experimental results of PA-TMEE 
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4.2 Effect of particles on PA-TMEE 

4.2.1 Effect of particle diameter on PA-TMEE 

In PA-TMEE, the diameter of the particles significantly influences the machining. When the 

diameter of the particle is too large, it is difficult to erode the bottom of the micro pits. Smaller particles 

will erode the bottom of the micro pits and the lateral areas of the micro pits. Therefore, a suitable 

particle diameter can improve the machining precision of micro pits. Fig. 11 shows the dimensions of 

the micro pits with different particle diameters.  

 

Fig. 11 Etching of micro pits with SiC particles of different diameters: a 10 μm; b 20 μm; c 40 μm; d 

60 μm 

 

Fig. 12 Micro pits etched results with different particle diameters: a diameter and depth of micro pits; 
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b CV value of micro pits diameter and depth; c EF of micro pits 

The experimental results showed that the average diameter of the micro pits decreased from 166.4 

μm to 154 μm. The average depth of the micro pits increased from 51.3 μm to 55.7 μm when the 

particle diameter increased from 10 μm to 40 μm. When the average diameter of the particles was 

increased to 60 μm, the diameter and depth of the micro pits were 166 μm and 56.4 μm, respectively. 

The increased depth of the micro pits is attributed to the ability of particle erosion. Fig. 12 shows the 

statistical results of EF and CV values with different particle diameters. It can be seen that among the 

selected particle diameters, when the particle diameter was 40 μm, the micro pits had the best 

localization and uniformity. The EF was 2.1. The CVdiameter and CVdepth of micro pits were 3.7% and 

5.4%, respectively. 

4.2.2 Effect of particle content on PA-TMEE 

Particle content is also one of the critical parameters in PA-TMEE. PA-TMEE with different 

particle contents was studied at the same voltage and 40 μm particles. Fig. 13 shows the etching results 

obtained for particle contents 2 g/L to 8 g/L. The experimental results showed that when the particle 

content increased from 2 g/L to 6 g/L, the average diameter of the micro pits decreased from 158.3 μm 

to 148.7 μm. The average depth of the micro pits increased from 53.3 μm to 58 μm. However, when 

the particle content was increased to 8 g/L, the average diameter of the mico pits was 153.1 μm, and 

the average depth of the micro pits was 52.1 μm. The conductivity of the electrolyte can explain the 

decrease in etching. A conductivity meter was used to measure the conductivity in this paper. The test 

results are shown in Table 3. The conductivity of the electrolyte decreased with increasing particle 

content. The EF and CV of the micro pits at different particle contents are shown in Fig. 14. The 

maximum EF of the micro-pits was 2.4 at a particle content of 6 g/L. When the particle content 
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increased from 2 g/L to 8 g/L, the CVdiameter was 4.7%, 3.7%, 3.3%, and 4.4%, respectively. The CVdepth 

was 6.7%, 5.4%, 5.2% and 6.9%. The best localization and uniformity of micro pits on metal surfaces 

were achieved in the experiments with a particle content of 6 g/L. 

Table 3 The conductivity of electrolytes with different particle content 

Particle content 2 g/L 4 g/L 6 g/L 8 g/L 

Electrolyte conductivity 134.5 mS/cm 132.7 mS/cm 129.8 mS/cm 127.9 mS/cm 

 

Fig. 13 Micro pits etching profiles at different 40 μm particle content: a 2 g/L; b 4 g/L; c 6 g/L; d 8 

g/L 

 

Fig. 14 Micro pits etching results with different particle content: a diameter and depth of micro pits; b 

CV value of micro pits diameter and depth; c EF of micro pits 



20 

  

5 Analysis of the machining mechanism of PA-TMEE 

This paper used a combination of SEM and EDS to analyze the machining mechanism of PA-

TMEE. Fig. 15 shows the micro pits at the center of the substrate by TMEE and PA-TMEE machining. 

40 μm, 6 g/L SiC particles were used for PA-TMEE experiments, and other parameters are shown in 

Table 2. Comparing Fig. 15 (a) and (b), it can be seen that cracks appear on the surface of the micro 

pits prepared by PA-TMEMM. The cracks may be caused by plastic deformation caused by particles 

eroding the surface of the micro pits. 

 

Fig. 15 Profiles of micro pits for different machining methods: a traditional TMEE; b PA-TMEE 

To confirm the synergistic effect of particles and TMEE, EDS was used to analyze the effect of 

particles on TMEE. Fig. 16(b) and Fig. 16(c) show the results of EDS analysis of region 1 and region 

2 in TMEE machining, respectively. The oxygen of the two regions was 7.08% and 7.63%, respectively. 

The experimental results showed that passivation generated an oxide layer on the surface of the micro 

pit. Similarly, the EDS analysis of a micro pit surface machined by PA-TMEE is shown in Fig. 17. 

Notably, the oxygen in region 2 was 6.57%, while in region 1 was only 3.56%. Region 1 is dominantly 

exposed to the particles-TMEE interaction zone compared to region 2. The experimental results 

showed that the passivation film in the center of the micro pits is weakened by the particles, which 

indicates that the particles have a selective erosion on the surface of the micro pits. Therefore, two 

material removal mechanisms exist on the surface of the micro pit shown in Fig. 17(a), namely 
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electrochemical dissolution based on Faraday's law and particle erosion under the electrolyte flow field. 

 

Fig. 16 a SEM image of the micro pit machined with TMEE; b EDS analysis of region 1; c EDS 

analysis of region 2; d comparison of the oxygen in regions 1 and 2 

 

Fig. 17 a SEM image of the micro pit machined with PA-TMEE; b EDS analysis of region 1; c EDS 
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analysis of region 2; d comparison of the oxygen in regions 1 and 2 

 

Fig. 18 a SEM image of the micro pits at the center and edge of the substrate obtained by TMEE; b 

SEM image of the micro pits at the center and edge of the substrate obtained by PA-TMEE; c the 

oxygen content of regions 1 and 2 in TMEE; d the oxygen content of regions 1 and 2 in PA-TMEE 

The oxygen at the same locations of different micro pits on the substrate was compared and 

analyzed to clarify the effectiveness of PA-TMEE for machining uniformity of large-area micro pits 

array. Fig. 18(a, b) shows the SEM images of the micro pits in the center and edge of the substrate in 

TMEE and PA-TMEE, respectively. The oxygen of region 1 and region 2 in TMEE is shown in Fig. 

18 (c). The oxygen of region 2 was 15.6%, while region 1 was only 6.9%, a difference of 8.7%. This 

difference is mainly due to the non-uniform distribution of the passivation film caused by the electric 

field edge effect. The edge effect of the electric field leads to more material removal from the micro 

pits at the edges of the substrate, which leads to more passivation film. The oxygen of regions 1 and 
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2 in PA-TMEE is shown in Fig. 18 (d). The oxygen content of the micro pits at region 1 and region 2 

was 2.36% and 7.69%, respectively, with a difference of 5.33%. Compared with the micro pits 

machined by TMEE, the non-uniform distribution of the passivation film is improved in the PA-

TMEE process, which facilitates the uniformity of the large-area micro pits array. 

6 Conclusion 

This paper proposes the PA-TMEE method to improve the machining precision of deep 

microstructures. The main conclusions can be summarized as follows: 

(1) A multi-physics field coupling model of the electric field, flow field, and particle motion 

simulated the PA-TMEE machining experiment. The simulation results showed that the erosion of 

particles could enhance uniformity and localization. 

(2) The results of the comparison experiment showed that compared to the TMEE method, the PA-

TMEE method could enhance the EF from 1.5 to 2.1. CVdiameter decreased from 8.3% to 3.7%, and 

CVdepth decreased from 14.4% to 5.4%. 

(3) When SiC particles with a diameter of 40 μm and a content of 6 g/L were applied, micro pits 

of 148.7 μm average diameter and 58.0 μm average depth were obtained. The EF of the micro pits was 

2.4, and CVdiameter and CVdepth were 3.3% and 5.2%, respectively. 

(4) The oxygen content of the surface was taken as an indicator for the passivation film. SEM and 

EDS analysis results showed that the material removal of PA-TMEE differs from an exclusively TMEE 

process. The electrochemical etching and particle erosion in the PA-TMEE method facilitate the 

machining precision of deep micro pits array. 
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Fig. 1 Principle diagram of PA-TMEE: a effect of PA-TMEE on localization; b effect of PA-TMEE 

on uniformity 
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Fig. 2 Basic principle of the reaction model 
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Fig. 3 PA-TMEE model for multi-physical field simulation 
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Fig. 4 The spatial distribution of SiC particles in the PA-TMEE 
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Fig. 5 Average erosion mass distribution of SiC particles on the surface of the micro pits 
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Fig. 6 Comparison of anode profiles with PA-TMEE and traditional TMEE 
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Fig. 7 Comparison of single micro pit profile with different machining methods. a traditional TMEE. 

b PA-TMEE 
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Fig. 8 The schematic view of PA-TMEE 
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Fig. 9 Comparison of electrochemical etching results: a traditional TMEE; b PA-TMEE (A-A and B-

B are the selected directions of the test points) 
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Fig. 10 Comparison of etching results: a comparison of etching diameter and etching depth for 

different machining methods; b comparison of simulated and experimental results of PA-TMEE 
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Fig. 11 Etching of micro pits with SiC particles of different diameters: a 10 μm; b 20 μm; c 40 μm; d 

60 μm 
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Fig. 12 Micro pits etched results with different particle diameters: a diameter and depth of micro pits; 

b CV value of micro pits diameter and depth; c EF of micro pits 

 



42 

  

 

Fig. 13 Micro pits etching profiles at different 40 μm particle content: a 2 g/L; b 4 g/L; c 6 g/L; d 8 

g/L 
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Fig. 14 Micro pits etching results with different particle content: a diameter and depth of micro pits; b 

CV value of micro pits diameter and depth; c EF of micro pits 
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Fig. 15 Profiles of micro pits for different machining methods: a traditional TMEE; b PA-TMEE 

. 
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Fig. 16 a SEM image of the micro pit machined with TMEE; b EDS analysis of region 1; c EDS 

analysis of region 2; d comparison of the oxygen in regions 1 and 2 
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Fig. 17 a SEM image of the micro pit machined with PA-TMEE; b EDS analysis of region 1; c EDS 

analysis of region 2; d comparison of the oxygen in regions 1 and 2 
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Fig. 18 a SEM image of the micro pits at the center and edge of the substrate obtained by TMEE; b 

SEM image of the micro pits at the center and edge of the substrate obtained by PA-TMEE; c the 

oxygen content of regions 1 and 2 in TMEE; d the oxygen content of regions 1 and 2 in PA-TMEE 
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Table 1 Parameters of the simulation 

Simulation parameters Value 

Dynamic viscosity of the electrolyte. μ 1.004×10-3Pa·s 

Electrolyte density, ρ 1100kg/m3 

Electrolyte temperature, T 298K 

Application Voltage, U 10V 

Machining time, t 60s 

Initial conductivity, 0  10S/m 

Number of particles, n 3000 
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Table 2 Parameters of the etching experiments 

Experiments Experiment1 Experiment2 

Comparison experiments Traditional TMEE PA-TMEE 

Dispersion phase  SiC, 4 g/L, particle diameter 40 μm 

Application voltage 10V 10V 

Etching time 60s 60s 

Flow rate 3L/min 3L/min 

Electrolyte temperature 30℃ 30℃ 
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Table 3 The conductivity of electrolytes with different particle content 

Particle content 2 g/L 4 g/L 6 g/L 8 g/L 

Electrolyte conductivity 134.5 mS/cm 132.7 mS/cm 129.8 mS/cm 127.9 mS/cm 

 

 


