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Abstract

:

There has been some research on jet electrolytic processing at home and abroad, and the phenomenon of discharge during the process has been reported, but there has been little research on the mode of jet electrolysis with the aid of discharge. A jet mask electrolytic processing experiment was set up to prepare a blue oil mask on the surface of the workpiece using photolithography; two processing modes were achieved using different tool electrodes, the workpiece was processed by two types of motion, the processing micro-pits were observed morphologically using an optical microscope, and the test data were analyzed by plotting graphs. Experiments show that a blue oil mask with a thickness of 50 μm covers the workpiece to strengthen the fixity, and that jet electrolytic discharge machining can effectively improve the depth-to-width ratio by increasing the contribution to depth by 30%–38% and the contribution to width by 2%–18%, compared to jet electrolytic machining. The former has less island effect than the latter, with a flatter bottom and better-machined shape.
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1. Introduction


Jet electrolytic machining (Jet-ECM) is a special form of electrochemical machining (ECM) that uses an electrolytic jet as a tool. It offers advantages over other electrochemical machining processes such as good domain fixation, high machining speeds, and machining position flexibility [1,2]. The use of a displacement stage to drive the nozzle cathode to follow a pre-defined path enables rapid and precise fabrication of complex structures on the workpiece surface [3,4,5]. Hinduja and Pattavanitch [6] electrochemically machined a simple square pocket and a pocket with a humanoid protrusion, using tools with round and square electrodes. Hackert-Oschätzchen et al. [7] used a continuous electrolytic free jet to obtain a high degree of positioning in the removal area and electrochemically processed cavities with a depth of about 180 μm and a width of about 190 μm. Kawanaka and Kunieda [8] investigated the effect of current conditions and nozzle movement speed on the surface roughness of stainless steel, and achieved a mirror-like surface with Rz surface values of less than 0.2 μm. It was shown that the surface roughness of the cavities decreased as the nozzle translation speed increased, and that for constant speeds the surface roughness of the cavities decreased and increased again after reaching a minimum value [8,9,10].



Electrochemical discharge machining (ECDM) is considered to be a hybrid machining method. Material removal is based on two phenomena: electrochemical dissolution of the material and corrosion due to hot inter-electrode discharge [11,12]. Kim et al. [13] proposed an ECDM drilling method for glass workpieces, where a working fluid containing potassium hydroxide facilitated the process. Kobayashi [14] described a solution for obtaining shaped cavities by ECDM and electro-corrosion, using an electrolyte based on sodium nitrate. Liu, J.W. et al. [15] proposed a discharge mechanism analysis of electrochemical discharge machining of particle-reinforced metal matrix composites in electrolytic machining by dividing the time experienced by the discharge phenomenon of the output of the ECM process into three phases: electrolytic machining under the condition of power supply, electrolytic composite machining by arc discharge, and electrolytic machining under the condition of capacitive power supply. Yu, W. [16] mentioned in an experimental study of electrohydraulic beam machining of microstructures that spark discharge was generated between the nozzle and the workpiece at an initial machining gap of 0.5 mm, a feed rate of 0.1 mm/min, an electrolyte pressure of 0.3 MPa, an electrolyte solution of 18% NaNO3 and a machining voltage of 280 V. For Cui, J. [17], the study of the motion characteristics, electromagnetic characteristics, and oscillation of charged particles in the discharge channel is an important part of the research on the mechanism of EDM. Liu, H. and Xieeryazidan, A. [18] investigated the effect of energy distribution on electrochemical discharge machining, and experiments showed that the optimal combination of process parameters at 50 V voltage, 20 kHz frequency, and 80% duty cycle achieved a more uniform distribution of discharge energy, which was able to efficiently machine pairs of hard and fragile materials. Chuang et al. [19] utilized the interaction of electrochemical and EDM compensating techniques for the machining of CrNiFe alloy material machining; the machining accuracy was characterized by electrical pulse signal matching, processing time was reduced by 80%, and the efficiency of the equipment was improved. Sambathkumar and Arunagirinathan [20] investigated the working gap (Wg) between the tool and the workpiece in ECDM affecting the process parameters, and the results showed that even a difference of 2 μm in the Wg significantly affects the ECDM process in terms of quality and quantitative metrics. Zhao et al. [21] optimized the process without the loss of cathode tools by constructing a coupled multiphysics field model for electrochemical mask processing and combining it with numerical simulation analysis to realize the distribution state of multiphysics fields. Zhan and Zhao [22] proposed a plasma-assisted electrochemical machining method, where a higher voltage is applied to promote cathodic hydrogen precipitation, inducing a plasma discharge that leads to rapid heating of the electrolyte around the working electrode, which facilitates subsequent anodic etching by enhancing the kinetics of the electrochemical reaction. The material removal rate was increased by about 20 times, compared to ECM. Jui et al. [23] used electrochemical discharge machining to process microvias on glass with a high aspect ratio, of 11. Wang et al. [24]. proposed a novel electrochemical spark grinding composite machining method, which has lower discharge energy compared to conventional electrochemical discharge machining and solves the edge collapse and breakage problems.



Jet electrolytic discharge machining (Jet-ECDM) is a Jet-ECM with superimposed discharge effects and a special form of ECDM using a jet as a tool and using a mask for positional constraints; the model is unique and novel, most of the research is still in the early exploratory stage, and there are few production applications in practice.



The experimental setup of jet electrolytic machining with a mask covering the workpiece is established, and two models of Jet-MECM and Jet-MECDM are experimentally compared, using jet mask electrolytic machining and jet mask electrolytic discharge machining. The two modes of motion are used to machine the workpiece and analyze the morphological excavation characteristics of the machined workpiece, which is of great significance to the in-depth study of Jet-ECDM. This paper is dedicated to the above, providing a new method and theoretical basis for Jet-ECM.




2. Materials and Experimental Methodology


The experimental setup for jet mask electrolytic processing is shown in Figure 1. The machine mainly consists of a linear module for the machine, a working feeder for the servo motor, and a work table. The machine is mounted on a rigid marble base which has a large vibration resistance, poor thermal conductivity, and a coefficient of thermal expansion. To prevent small vibrations in the surroundings from being transmitted to the machine, an adjustable damping pad is installed under the base. The electromechanical control section consists mainly of Mitsubishi servo motors, a Renishaw micrograting system, and a motion control card from Shenzhen Raytheon. The human–machine interface is programmed using LabVIEW 2022, the NI virtual instrument development platform.



The electrolyte circulation system consists of circulation tubes, pressure control valves, pressure gauges, and reservoirs, and is an important part of the laboratory processing equipment. The high-voltage pulse power supply has excellent characteristics, such as reliable precision and outstanding stability. Under the control of human–machine interaction, the motion platform can move along the x, y, and z axes to complete the precise machining of the workpiece. At the same time, fluctuations in current and voltage during online processing can be monitored in real time with a digital oscilloscope.



The main parameters of the machine tool equipment for jet mask electrolytic processing are shown in Table 1.



The self-developed jet mask electrolytic processing machine tool equipment, after parameter testing, reached the expected target, and the equipment control was a precise and stable operation, which laid a good foundation for experimental research.



Jet mask electrolytic machining technology is for making skeleton patterns on the mask and covering the mask on the surface of the anode workpiece; it uses NaNO3 electrolyte to spray processing on the workpiece, to make the workpiece surface obtain the same geometry as the mask skeleton pattern process method. This method solves the problem of complex, microfine tool electrodes and nozzles that are difficult to manufacture and assemble, and thus is widely used in the manufacture of surface micronano-structures, whose processing schematic diagram is shown in Figure 2.



As shown in Figure 2, the workpiece is connected to the positive pole of the power supply, and the metal nozzle is connected to the negative pole of the power supply; the electrolyte is driven by the pump, and rushes at high speed to the surface of the mask with the skeleton pattern. The high-speed charged electrolyte forms an array of liquid electrodes under the constraint of the high-resolution mask, and carries out mass etching of the anode workpiece material (the part covered by the mask is not processed, while the part not covered by the mask is processed), thus processing a structure similar to the mask skeleton pattern. At the same time, the use of the CNC motion stage enables the cathode nozzle to achieve scanning motion, increasing the flexibility of the process. The use of mask plates solves the problem of complex microfine tool electrodes that are difficult to manufacture and assemble, while the jet electrolytic processing and scanning motion not only avoids the need to design cavity fixtures to meet specific flow field requirements, but also increases processing flexibility by enabling the processing of many different types of the workpiece without changing the process method or fixture. The mature lithography process provides micro- and nanoscale insulating masks in a variety of patterns, enabling the process method to meet the processing requirements of a variety of applications. A comparison experiment was carried out between jet mask electrolytic discharge machining (Jet-MECDM) and jet-mask electrolytic machining (Jet-MECM), using a metal nozzle for the Jet-MECDM tool and a plastic nozzle for the Jet-MECM tool, with other processing conditions remaining unchanged. The actual process diagram for the comparison experiment is shown in Figure 3.



Figure 3a shows that discharge occurs inside the jet electrolytic flow injection and producing a superposition effect. Figure 3b shows that no discharge occurs in the jet and it is conventional electrolytic processing. Whether or not the discharge occurs, inevitably has a different effect on the machining effect. The experimental sample is the initial sample with low surface roughness (i.e., stainless steel workpiece), with the size specification of 70 × 50 × 1 mm3. To facilitate the measurement, the spacing between holes is set to be 4 mm, i.e., the distance between a and b is 4 mm, thus obtaining the machining dimensions of the mask as shown in Figure 4.



A blue oil mask with a thickness of 50 μm was prepared on the surface of the stainless steel workpiece using the photolithography process, as shown in Figure 5.



The corrosion factor (EF) is used to describe the fixed-domain nature of masked jet electrolytic processing, and is expressed as


  E F =  H  Δ D   =  H  D −  D 0     



(1)







In Equation (1) H is the crater depth, ΔD is the difference between the crater diameter and the mask hole diameter, D is the crater diameter and D0 is the mask hole diameter. The smaller ΔD is, the closer the crater diameter is to the mask hole diameter, and the larger H is, the deeper the crater depth is.



From Equation (1), it can be seen that the larger the EF value, the better the fixation and the better the definiteness, and the shape of the processed crater is closer to the skeletonized pattern; the smaller the E value, the worse the fixation. In the machining effect, the crater depth (H), diameter (D), material removal rate (MRR), and corrosion factor (EF) indicators are used to evaluate the machining effect.




3. Experimental Results and Discussion


The experiment is set up, the mask workpiece is prepared, and the differences between the two processes are analyzed through comparative experiments. Two types of processing are investigated: one is the stationary method, where the jet is sprayed right at the workpiece and the workpiece is processed through the mask hole. The second is a scanning and moving method, where the jet is scanned in a line at a certain speed, and the effect of nozzle movement on the shape of the workpiece is investigated.



3.1. Stationary Approach


As shown in Figure 2, the electrolyte is sprayed onto the workpiece in a jet state under a certain pressure, and the workpiece is machined by the jet through the mask hole in the mode of no feed on the X, Y, and Z axes, and a crater is formed at the location of the mask hole after a period of machining. The experimental conditions are shown in Table 2. NaNO3 electrolyte pressure is 0.03 MPa, and the concentration is 15%.



The experimental data on the depth H (depth) and diameter D (diameter) of the single holes (pits) machined by Jet-MECDM and Jet-MECM under the same machining conditions are shown in Table 3, with the units of depth H and width D in μm.



The experimental data on the depth H and diameter D of the hole (crater) are an important basis for the analysis of the efficiency of machining and whether the shape of the machining can be maintained.



As shown in Figure 6, the primary longitudinal axis represents the depth of a single hole (pit), and H (depth), and is represented by a bar graph. The secondary longitudinal axis represents the width of the single hole (crater), and D (diameter), and is represented by a line graph.



From Table 3 and Figure 6, we can see that (1) the Jet-MECDM method processes single-hole depths of between 760 and 880 μm, with a mean value of 835 μm. The Jet-MECM method processes single-hole depths of between 590 and 640 μm, with a mean value of 606 μm. The difference between the two means is 229 μm, and the Jet-MECDM contribution to depth increases by 38%. (2) The Jet-MECDM method processes hole widths between 570 and 640 μm, with a mean value of 604 μm. The Jet-MECM method processes hole widths between 480 and 530 μm, with a mean value of 509 μm. The difference between the two mean values is 95 μm, and the contribution of Jet-MECDM to width increases by 18%, compared to Jet-MECM. (3) Jet-MECDM contributes more to depth (38%) than width (18%), when compared to Jet-MECM. The aim of using the mask is to constrain the width, i.e., to obtain a greater increase in material removal, as far as the processed morphology allows.



To further investigate its machined morphology, a single hole was observed in 3D using a laser scanning confocal microscope, as shown in Figure 7.



As can be seen from Figure 7, the shape of the single hole machined by the Jet-MECDM method is as regular as that of the single hole machined by the Jet-MECM method, and the inner wall of the single hole machined by both is equally smooth. To investigate the role of the mask as a constraint, the single hole with the mask was observed in 2D using a laser scanning confocal microscope, as shown in Figure 8.



As can be seen in Figure 8, the Jet-MECDM does not have any significant damage to the mask due to the discharge effect, and the mask is well constrained. The comparison in Figure 8 also shows that the color of the bottom of the Jet-MECM hole is not consistent, indicating a large deviation in the bottom morphological profile. This is further confirmed by the side measurements of the hole cross-sections for both machining methods, as shown in Figure 9.



As can be seen from Figure 9, the shape of the Jet-MECDM machined single hole (pit) is close to cylindrical, while the shape of the Jet-MECM machined single hole (pit) is closer to an inverted trapezoid. The steepness of the inner wall of the Jet-MECDM machined single hole (pit) is steeper and almost vertical, with less side etching. In contrast, the Jet-MECM process has a different amount of lateral corrosion at the top and bottom of the single hole (crater), creating an inverted trapezoid shape with a large top and a small bottom. Both Jet-MECDM and Jet-MECM process the bottom of the single hole (pit) without the island effect of normal mask electrolytic processing. However, the bottom of the Jet-MECDM process is flatter.




3.2. Scanning Movement Method


As shown in Figure 2, the Y and Z axes are not fed, the X axis moves at a certain speed of motion (scanning), and the parameters of the experimental conditions are shown in Table 4. NaNO3 electrolyte pressure is 0.03 MPa, and the concentration is 15%.



The experimental data on the depth H (depth) and width D (diameter) of the single holes (pits) machined by Jet-MECDM and Jet-MECM under the same conditions are shown in Table 5, with the units of depth H and width D being μm.



The experimental data for the depth H and width D of the holes (pits) are an important basis for the analysis of machining efficiency and quality. For ease of observation, the experimental data in Table 5 is plotted as a relationship, as shown in Figure 10.



As shown in Figure 10, the primary longitudinal axis represents the hole (pit) depth H (depth) and is represented by a bar graph. The secondary longitudinal axis represents the width D (diameter) of a single hole (pit), and is represented by a line graph.



From Table 5 and Figure 10, it follows that



	(1)

	
The Jet-MECDM method processes single-hole depths between 112 and 121 μm, with a mean value of 117 μm. The Jet-MECM method processes single-hole depths between 85 and 95 μm, with a mean value of 90 μm. The difference between the two means is 27 μm, with Jet-MECDM contributing 30% more to depth than Jet-MECM.




	(2)

	
The Jet-MECDM method processes single-hole widths between 530 and 614 μm, with a mean value of 569 μm. The Jet-MECM method processes single-hole widths between 510 and 583 μm, with a mean value of 556 μm. The difference between the two means is 13 μm, and the contribution of Jet-MECDM to width increases by 2% over Jet-MECM.




	(3)

	
A comparison of Jet-MECDM and Jet-MECM in the scanned condition reveals that Jet-MECDM machining depths increase and material removal rates improve for almost equal amounts of side etching.







The single-hole (crater) depth and width measurement diagram is shown in Figure 11.



From Figure 11, it can be seen that the inner wall of the Jet-MECDM machined single hole (pit) is steeper and more vertical, and the island of the machined single hole (pit) is 15 μm higher. It can be seen that the side etching of the upper and lower part of the Jet-MECM machined single hole (pit) is different, and the island of the machined single hole (pit) is 30 μm higher, the island of the normal mask electrolytic machining. The island effect is smaller in Jet-MECDM than in Jet-MECM, and the bottom is flatter, resulting in a better shape.





4. Conclusions


This paper investigates the experimental electrolytic processing of discharge-assisted jet masks, and draws the following conclusions.



A comparison experiment between Jet-MECDM and Jet-MECM was carried out, and the results showed that



	(1)

	
The experimental setup for jet electrolytic processing was set up to complete the preparation of mask workpieces. Under other processing conditions, the use of metal nozzles produced a discharge compound effect, while the use of plastic nozzles did not.




	(2)

	
In the stationary method, Jet-MECDM increases the contribution to depth by 38% and the contribution to width by 18% over Jet-MECM, i.e., the machining efficiency is improved to a greater extent than the machined shape allows. The bottom of the single hole (crater) machined by both methods does not show the island effect of normal electrolytic machining.




	(3)

	
In the scanning movement method, Jet-MECDM contributes 30% more to the depth and 2% more to the width than Jet-MECM, i.e., the width is essentially the same but the depth increases significantly and the machining efficiency improves dramatically. The island effect of normal electrolytic machining occurs at the bottom of single holes (pits) machined by both methods, with the former having less island effect than the latter, a smoother bottom, and a better-machined shape.







Using the Jet-MECDM process, jet electrolysis is used throughout the machining process, which can improve the machining accuracy, while the discharge effect can increase the material removal capacity and effectively improve the depth-to-width ratio (effectively improving the machining efficiency). In the next stage, the process will be studied in depth in terms of different masks, different workpieces, and different processing voltages.
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Figure 1. Diagram of the experimental setup for electrolytic processing of jet masks. 
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Figure 2. Principle diagram of mask jet electrolytic processing. 






Figure 2. Principle diagram of mask jet electrolytic processing.



[image: Coatings 13 01280 g002]







[image: Coatings 13 01280 g003 550] 





Figure 3. Comparison diagram of the actual machining process. (a) Jet-MECDM (Discharge); (b) Jet-MECM (No discharge). 
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Figure 4. Processing dimensions of the mask. 
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Figure 5. Masked mirror stainless steel workpiece. 
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Figure 6. Experimental diagram comparing the crater depth and width of the two models (Stationary Approach). 
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Figure 7. Contrasting experimental machining 3D morphology. (a) Jet-MECDM machining 3D profile; (b) Jet-MECM machining 3D profile. 
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Figure 8. Comparison of experimental machined 2D profiles. (a) Jet-MECDM machining 2D profile; (b) Jet-MECM machining 2D profile. 
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Figure 9. Single-hole (crater) depth and width measurement diagram (Stationary Approach). 
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Figure 10. Experimental diagram comparing the crater depth and width of the two models (Scanning Movement). 
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Figure 11. Single-hole (crater) depth and width measurement diagram (Scanning Movement). 
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Table 1. Main parameters of the machine tool equipment for jet mask electrolytic processing.
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	Name
	Description
	Unit





	External dimensions
	1000 × 750 × 2230
	mm



	X/Y direction travel
	200 × 200
	mm



	Z-directional travel
	300
	mm



	X/Y/Z axis positioning accuracy
	5
	μm



	Control system software
	Labview
	-
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Table 2. Specific parameters for single-well experimental conditions (Stationary Approach).
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	Process Parameters
	Symbols
	Unit
	Parameter Values





	Peak voltage
	U
	V
	400



	Voltage frequency
	f
	Hz
	1000



	Voltage duty cycle
	r
	%
	50



	Nozzle-to-workpiece distance
	d
	mm
	2.5



	Processing time
	-
	s
	10



	Mask plate diameter
	-
	μm
	500



	Masking board types
	-
	-
	Blue oil mask
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Table 3. Depth and width of comparative experiments (Stationary Approach).
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	Test No. 1
	Jet-MECDM

Depth
	Jet-MECM

Depth
	Jet-MECDM

Diameter
	Jet-MECM

Diameter





	1
	760
	590
	570
	530



	2
	880
	590
	620
	520



	3
	850
	640
	640
	490



	4
	860
	600
	600
	480



	5
	825
	610
	590
	525










[image: Table] 





Table 4. Specific parameters for single-well experimental conditions (Scanning Movement).
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	Process Parameters
	Symbols
	Unit
	Parameter Values





	Peak voltage
	U
	V
	400



	Voltage frequency
	f
	Hz
	1000



	Voltage duty cycle
	r
	%
	50



	Nozzle-to-workpiece distance
	d
	mm
	2.5



	Scanning speed
	-
	mm/s
	0.15



	Mask board diameter
	-
	μm
	500



	Masking board types
	-
	-
	Blue oil mask
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Table 5. Depth and width of comparative experiments (Scanning Movement).






Table 5. Depth and width of comparative experiments (Scanning Movement).





	Test No. 1
	Jet-MECDM

Depth
	Jet-MECM

Depth
	Jet-MECDM

Diameter
	Jet-MECM

Diameter





	1
	116
	85
	530
	510



	2
	121
	87
	559
	550



	3
	119
	95
	560
	561



	4
	112
	95
	580
	574



	5
	117
	85
	614
	583
















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











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg





media/file13.png
1000






media/file12.jpg





media/file18.jpg
Depth(um)

120

10

100

90

80

2

N Discharge Depth
No discharge Depth

3

4

—v—Discharge Diameter
—+—No discharge Diameter

650

600

575

550

525

500

Diameter(um)





media/file9.png





media/file14.jpg





media/file20.jpg
0 4

20 q

404 4

60 4 q

Depth(pm)

80 b

-1004 4

— Nodischarge
120 — Discharge -

-400 -200 0 200 400

Width(um)





media/file5.png
Discharge

No discharge

4 ‘_l“l . P\ » 4
> R K AT

(a) (b)





media/file15.png





media/file19.png
Depth(um)

120

110

100

90

30

2

. Discharge Depth
" No discharge Depth

3 4 5

=—¥=—Discharge Diameter
—k=—No discharge Diameter

650

625

600

575

550

525

500

Diameter(um)





media/file2.jpg





nav.xhtml


  coatings-13-01280


  
    		
      coatings-13-01280
    


  




  





media/file11.png
Depth(um)

900

800

700

600

500

400

2

. Discharge Depth
" No discharge Depth

o
3 4

Ve

5

—¥— Discharge Diameter
==k==No0 discharge Diameter

700

650

600

550

500

450

400

Diameter(um)





media/file6.jpg
70mm

5mm

TI T L IEEE
.......... £
£
[ =
S

wwg






media/file1.png
Power supply

Electrolyte circulation system

/ )
SUS 304





media/file10.jpg
900

800

Depth(um)

600

500

400

2

[0 Discharge Depth

4 5

—v— Discharge Diameter
—#—No discharge Diameter

700

650

600

450

400

Diameter(um)





media/file7.png
70mm

5mm

© ° °
° o o
] o ]
] o ]
o o o
o o o
o o o
-] o o
o o o
o o o
o o o
o o o
o o o
o o o
o o o

o o o
° ° ©
o o L]
-] o °
-] o o
o o o
o o o
o o o
-] o °
o o o
o o o

@0 5mm

—

—

o

o

wwg

wwog






media/file16.jpg
Depth(um)

-200

-600

-800 4

—— Discharge
—— No discharge

T
600

T
-100

-200

T
0

Width(um)

T
200

T T
100 600






media/file3.png
Pulse power supply Electrolyte jet Metal nozzles

T | '”":y‘ -

>

| e
69«".‘1.

]

Masking ]

Workpiece





media/file17.png
—200

|
N
(]
(]

1

Depth(um)

-600

-800
== Discharge
e No discharge 1

| ! | ! ] ! ] ! ] ! | ! ]
-600 -400 =200 0 200 400 600
Width(um)





media/file4.jpg
No discharge

B ol ittt

(a) (b)





media/file0.jpg





media/file21.png
Depth(um)

90+
40+
60+
50+

o L/\__)

—120 A

== No discharge ]
=== Discharge -

! 1
-400 -200 0 200
Width(um)

T
400





