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Abstract: Micro-pits are widely used in the aerospace and tribology sectors on cylindrical surfaces and
electrochemical micromachining which are of great significance for the high material removal rate,
absence of tool wear, and mechanical stress, while facing significant challenges such as stray corrosion
and low machining efficiency. Aiming at the above problems, this paper proposes a comprehensive
method called radial ultrasonic rolling electrochemical micromachining (RUREMM) in which an
ultrasonic field has been added onto the cylindrical surface. First, a theoretical model was created
to gain the rules of the formation and collapse of bubbles in the liquid medium. Second, to analyze
the optimal size of the cathode electrode, the COMSOLS5.2 simulation software was proposed to
research the influence of the electric field on the different dimensions, and the influences of different
parameters in RUREMM on material depth/diameter ratio and roughness are explored through
processing experiments. Research results found that the cavitation bubble undergoes expansion,
compression, collapse and oscillation, where the max deviation is less than 12.5%. The optimized
size was chosen as 200 x 200 um? and an electrode spacing of 800 um through a series of electric
field model simulation analyses. Relevant experiments show that the minimum pits with a width
of 212.4 um, a depth of 21.8 um, and a surface roughness (Ra) of 0.253 pm were formed due to the
optimized parameters. The research results can offer theoretical references for fabricating micro-pits
with enhanced surface quality and processing precision on cylindrical surfaces.

Keywords: micro-pits; ultrasonic field; cavitation bubble; optimization; surface quality

1. Introduction

Nowadays, better corrosion, temperature resistance, friction, and lubrication of var-
ious mechanical components are performed on workpiece surfaces with different micro
textures, such as micro-pits, grooves, and other certain special morphologies in aerospace
and tribology sectors. The micro-groove structure machined on the wind propeller can
reduce the load force by 10% and the array of micro-pitted surface texture machined on
the cylinder liner surface of the internal combustion engine can reduce the friction force
by 25-50% [1-3]. The traditional machining techniques have shown to be inadequate for
micro-machining tasks because of the stress put on the workpieces, like micro cutting and
micro milling [4-6]. Non-conventional machining techniques, including micro-electrical
discharge machining (EDM) [7-10], laser beam machining (LSM) [11-14], ion beam ma-
chining [15-17], and electrochemical micromachining (EMM) [18-20], have been applied
to fabricate microstructures. Compared with other methods, EMM, characterized by the
absence of tool wear, less thermal stress, mechanical stress and high material removal rate,
has emerged as a leading micro manufacturing process [21-24]. Besides, the methodology
of electrochemical micromachining has seen significant evolution and change, for example,
in electrochemical jet machining, a cathodic nozzle is used to propel electrolytes at a high
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velocity towards the anodic workpiece. This creates a common impinging jet setup, com-
prising a free jet, thin film surrounding the workpiece, and a circular hydraulic jump [25].
Liu et al. showed that by utilizing gap control, the specially shaped nozzle can produce
custom non-Gaussian shapes while still maintaining the functionality of a traditional noz-
zle, which can enhance the flexibility and potential applications of this technique [26].
Mask electrochemical micromachining (TMEMM) enables the efficient creation of intricate
structures such as micro-pits and micro holes [27-29]. Sun et al. conducted a study showing
that micro pillar arrays exhibit superhydrophobicity when their top diameters range from
50 to 90 um and their heights exceed 35 um, as observed via TMEMM under various
current densities [30]. Wang introduced a method called air-shielding electrochemical
micro-machining (AS-EMM), which utilizes coaxial high-pressure air to control the spread
of the electrolyte flow. Additionally, the radial movement of the electrolyte is facilitated by
the presence of assisted gas, which provides momentum [31]. Furthermore, the AS-EMM
method was employed to fabricate structures. Compared with EMM, the diameters of the
pits were reduced by 31%, resulting in a 19% increase in the aspect ratio [32]. However, the
progress of micromachining is hindered by two main challenges: the occurrence of sub-
stantial secondary dissolution during the EMM process and its resulting lower machining
efficiency. The need for localization further hinders its development.

To address these prevailing issues, researchers have extensively explored various solu-
tions in recent years. Particularly noteworthy is the adoption of ultrasonic field assistance,
which has gained popularity in the energy field and has been incorporated into corre-
sponding machining techniques [33-36]. Wang et al. [37] implemented and introduced the
concept of air-shielding ultrasonic assisted EMM, which combines both ultrasonic energy
and gas fields. In comparison to EMM, the AUA-EMM process resulted in a 9.78% increase
in the depth of the machined groove, while simultaneously reducing its width by 10.41%.
Liu et al. [38] proposed a technique known as ultrasonic vibration-assisted micro electro-
chemical milling, which was utilized to fabricate micro channel arrays as well as complex
two and three-dimensional glass microstructures. Chen et al. [39] demonstrated that the
incorporation of an ultrasonic energy field and the optimized machining parameters result
in the enhancement of film thickness refinement and energy distribution optimization.
Moreover, a micro structure with a width of 118.9 um was successfully created, exhibiting
a surface roughness of 0.23 um. This value represents an 80.99% reduction compared to the
initial surface roughness of 1.21 um achieved through ECDM. Wang et al. [40] introduced
a technique called ultrasonic vibration-assisted spark-assisted electrochemical drilling,
which successfully achieved a high-quality array of micro holes in a 4 x 5 pattern on glass.
In comparison to a traditional spark with electrochemical drilling (SAED), the UASAED
method resulted in a reduction in the size of the inlet from 170 um to 135 pum, corresponding
to a decrease of 20.59%. Wu et al. [41] stated that the application of ultrasonic vibration
results in decreased grinding forces and reduced adhesion. Furthermore, it leads to en-
hancements in the material removal ratio. Shu et al. [42] confirmed that according to the
relevant research, the utilization of ultrasonic vibration-aided electrochemical drill-grinding
technology demonstrated successful machining capabilities for producing high precision
small holes. To be more precise, the utilization of this technique resulted in achieving the
diameter range of 1215.0 um and the roughness value of 0.446 um. Nevertheless, there are
still instances of stray corrosion in ultrasonically assisted electrochemical micromachining.

This study has proposed radial ultrasonic rolling electrochemical micromachining
(RUREMM) as a means of achieving improved machining localization and surface quality
after carefully considering the benefits of ultrasonic-assisted electrochemical microma-
chining. In RUREMM, ultrasonic vibrations are utilized to generate cavitation bubbles
in proximity to the electrode and workpiece surface. In turn, the transportation of mass
and electric charge is enhanced. During the alternating ultrasonic positive and negative
pressure cycles, the small nuclei of cavitation bubbles experience growth, expansion, com-
pression, and collapse. This phenomenon occurs between the electrodes and the machining
anode, as described by the theoretical model of the cavitation bubble. Then, high-speed
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cameras are used to conduct a series of research to demonstrate the occurrence of cavita-
tion. Comparative experiments are carried out under various machining conditions, and
processing experiments are conducted to investigate the effects of different parameters
in RUREMM, where the micro structure with a width of 212.4 um, depth of 21.8 um and
surface roughness (Ra) of 0.253 um are eventually machined by RUREMM.

2. Principle of the RUREMM

The diagram in Figure 1 provides a visual representation of the schematic view of
RUREMM, where pulsed power supplied to the negative pole is connected to the radical
ultrasonic transducer. The transducer’s surface features an array of micro bulges, which
functions as the cathode. On the other hand, the SS304 cylindrical workpiece serves as
the anode. In addition, the cathode and anode are attached to separate spindles of the
machining tool, both moving at the same linear velocity. The conductive medium in the
machining zone is introduced by injecting the electrolyte solution of NaNOj3 through a
designated nozzle. Radical ultrasonic vibrations are generated in the direction of the
workpiece. Finally, electrochemical micromachining dissolution, induced by the activation
of pulse power, leads to the formation of micro-pits.

Direction of vibration Cathode

Radical ultrasonic transducer

Electrolyte nozzle NaNO,; electrolyte
Micro pits
Direction of rolling Anode

Figure 1. The schematic view of RUREMM.

Figure 2 manifests the schematic model of anodic dissolution when the radical ultra-
sonic transducer vibrates upward and downward during RUREMM. The NaNOjs electrolyte
solution is ejected from the left location, and a large number of bubbles are generated in the
machining gap. However, the ultrasonic cavitation triggers a series of cavitation bubbles
growing, expanding, and finally flushing out from the narrow machining gap. Besides, the
uncorroded products are still on the workpiece surface when the cathode moves upstairs
during RUREMM in Figure 2a.

Cathode
‘—Electrolytic bubble

®

o

o
Flow dlrectlon—-

— NaNO; electrolyte
Passive layer:

Electrolytic products
Anode

Figure 2. Schematic model of material anodic dissolution. (a) Upstairs, (b) downstairs.
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When the radical ultrasonic transducer vibrates downward, the cavitation bubbles
suddenly collapse, and high-speed and high-temperature microjets are produced, which
can breakdown the passive layer under negative pressure. Subsequently, a smoother
surface will be formed due to the electrolyte timely updates and insoluble electrolytic
products that rush out from the machining gap as seen in Figure 2b.

3. Theoretical Design
3.1. Cavitation Model of RUREMM

In order to analyze the change in the cavitation bubble collapse in the electrochemical
machining state in the machining gap more precisely under the alternating ultrasonic
pressure during the RUREMM process, the minuscule cavitation bubble nuclei within
the NaNOj electrolyte experiences a succession of growth, expansion, compression, and
eventual collapse. Since the gas of the bubble is set as an ideal gas, and during the stable
environment, the internal and external pressure of the bubble is kept equal, the pressure
Pin and Py inside and outside the cavitation bubble are, respectively, represented as
follows [43]:

Pin:PV+Pg (1)

P, =[P —_ _P =0 ’

’ (O+R0 >(R> @
2 41.3

Pout:PO*PASinwtﬁ»iO’Jr% 3)

where Py is the vapor pressure of the bubble, Py is the gas pressure, Py is the standard
atmospheric pressure, o is the coefficient of surface tension, Ry is the initial radius of the
bubble, k is the adiabatic index, R is the radius of the bubble, Py is the amplitude of the
ultrasonic sound pressure, and y is the liquid viscosity.

According to the principle of conservation of energy, the external force W exerted on
the bubble can be transformed into the kinetic energy E} of the bubble as well as other
forms of energy AE. This conversion can be explained in the following manner:

W = Ey + AE (4)

Since the surrounding liquid is assumed to be an incompressible solution, the mass
exchange between the cavitation bubble and the outside world is ignored, and the cavitation
bubbles do not undergo a series of chemical reactions. Besides, the volume of the cavitation
bubble under high compression is equal to the whole volume of the liquid, which can
expand inside and outlet, and the relevant function W can be expressed as follows [44]:

o R\2
W=F —— / (Pout — Pin)4TR%dR = 277pR® (”Zf) 5)
R
The model that describes the dynamic characteristic of the cavitation bubble under
RUREMM can be derived by substituting Equations (1)—(3) into Equation (5), where p
represents the liquid density and t represents the time of the cavitation bubble movement:

2 Ro\** 20 4udR
(P0+U—PV)<O> + Py — Py + Pasin2mft — — — “£92

Ry R (6)

P

To analyze the theoretical data of the cavitation bubble, the Runge-Kutta method
with 4-5 steps was utilized in using the MATLAB R2023b software. The complexity of
Equation (6) was taken into consideration during this simulation. The results are presented
in Table 1.
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Table 1. Matlab R2023b analysis parameters.

Parameter Symbol Value Unit
Liquid density P 937 kg/m3
Liquid viscosity U 0.001 Pas
Adiabatic index K 4/3
Liquid surface tension o 0.0725 N/m
Atmospheric pressure Py 101,320 Pa
Vapor pressure of bubble Py 2330 Pa
Frequency f 28 kHz

The cavitation bubble experiences three cycles of expansion, compression, collapse,
and oscillation, which are clearly described in Figure 3. Firstly, the cavitation bubble
experiences the expansion due to the effect of the external negative pressure, and the radius
of the bubble is increased to 58.5 um, which is the max value. However, the cavitation
bubble is rapidly compressed when the ultrasonic pressure changes to positive, and the
radius of the bubble is reduced to the minimum value, 0, which obviously represents the
collapse of the cavitation bubble in one cycle. The bubble undergoes continuous oscillation
in response to sustainable changes in the surrounding pressure. When the bubble reaches
its minimum radjius, its internal pressure increases to a maximum value, exceeding the
pressure of the ultrasonic energy field applied by the outer wall. As a result, the cavitation
bubble expands during the vibration period.

60 T T T T

um

Radius R/

0 1 1 1 1 1
0.0 0.5 1.0 155 2.0 2.5 3.0

Number of periods

Figure 3. Radius variation diagram of cavitation bubble.

3.2. Material Removal Model of RUREMM

According to the principle of the electrochemical micromachining, firstly, the analysis
of the cavitation phenomenon can explain how the bubble undergoes expansion, com-
pression, collapse and oscillation when the ultrasonic transducer vibrates upwards or
downwards in the narrow machining gap. Then, the dimensions of the micro-roll etching
electrode were researched through the utilization of the COMSOLS5.2 simulation software
considering the effect of the electric field in the electrolyte that changes randomly and
dynamically due to the constant change of the conductivity. Besides, the joule heat can
easily change the temperature of the electrolyte during the process, and ultimately causes
the overall conductivity to change in the machining gap; the electrical conductivity k can
be expressed as follows:

1(x) = xo[1+¢(T(x) — To)][1 - B(x)]" )
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where «( represents the initial electrolyte conductivity, B represents the gas void fraction,
Ty represents the initial temperature,  represents the proportionality coefficient, and the
material removal on the anode can be calculated using Faraday’s law:

N

U = quE = ryw;cﬂ ®)
b

where 7 represents the current efficiency, E represents the electric field intensity, w rep-

resents the electrochemical equivalent, AU represents the total overpotential and Ay, rep-

resents the theoretical frontal machining gap. The frontal gap between the cathode and

the workpiece experiences periodic variations caused by rapid vibrations of the tool at the

equilibrium location. This variation can be described as follows:

A, = Ap + Acos(wt + ¢) )

where A, represents the actual machining gap, ¢ represents the phase symbol and w
represents the angular velocity of the cathode. Therefore, taking into account the influence
of the electric field and Faraday’s first law on the removal model, the material removal rate
(MRR) can be represented as follows:

gMI _ yMxAUS  nMAUSKy[1 + 0.016(T(x) — Tp)][1 — B]*7°

RR =
M nF nFAy nF(Ay + Acos(wt + ¢))

(10)

where M represents the material molar mass, F represents the Faraday constant, n represents
the valence of the substance, I represents the current density and S represents the anode
machining area. Furthermore, a large number of high-speed microjets will be generated
when the cavitation bubble collapses, which can continuously carry away the bubbles and
insoluble products from the machining gap. In addition, the main objective is to ascertain
the theoretical material removal rate of the workpiece. It is anticipated that this rate will
increase in tandem with the tool vibration during RUREMM.

4. Simulation Design

Based on the electric field model of different electrode sizes and spacing, the electric
field region in the machining gap was simulated and analyzed based on COMSOLS5.2 soft-
ware, then the potential cloud image was obtained, and the appropriate electrode size of
the outer wall of the ultrasonic transducer was finally determined [45].

4.1. Model Description

In view of the smaller electrode size (D1) and spacing (D7) of the micro-roll electro-
chemical machining, in order to reduce the influence of grid number and size changes on
the calculation results, the rotary body model is simplified to be designed as a rectangular
solid of 2.4 mm (L) x 1.0 mm (W) x 0.2 mm (H); the developed physical and meshed
model are shown in Figure 4. Considering the accuracy of the electric field analysis results
in the gap, the automatic adaptive meshing method is adopted for most of the meshing,
and the critical machining areas are refined to improve the overall calculation efficiency.
Table 2 shows the relevant parameters. The upper surface of the model is the tool cathode
surface, whose initial potential is 0 V, and the lower surface is the workpiece anode sur-
face, the potential of the raised end face is the voltage potential, and the other faces are
0 potential surfaces.
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Cathode

Anode

Figure 4. Simulation model. (a) Physical model, (b) meshed model.

Table 2. COMSOLS5.2 analysis parameters.

Parameter Unit Value
Cathode potential \% 0
Anode potential \% 10
Machining gap pm 50
Electrode size pum 50 x 50,100 x 100, 200 x 200, 300 x 300
Electrode spacing um 400, 600, 800, 1000

4.2. Simulation Analysis

Figure 5 represents the influence diagram of the electric field on different electrode
sizes, the machining area of the workpiece surface undergoes a corrosion process due
to the electric field effect, which results in the formation of micro-pits with uniform size,
and both the width and depth of these micro-pits also increase, while maintaining good
consistency. In contrast, when using electrode sizes of 50 x 50 um? and 100 x 100 pum?,
the concentrated electric field at the edge of the tool’s electrical extreme part leads to a
high current density. This causes significant corrosion on the surface of the workpiece
material, forming distinct circular pits that deviate from the original electrode size. As a
result, both processing accuracy and forming accuracy are compromised from the partially
enlarged view in Figure 5b. When choosing the electrode size as 200 x 200 pm? and
300 x 300 um?, the micro-pits take on a square shape, which closely resembles the shape of
the tool electrode, which indicates that the tool electrode exhibits a high level of replication
accuracy within this size range in Figure 5c¢,d. By considering the principles of EMM,
an electrode size of 200 x 200 um? is selected for stimulating the RUREMM. To further
investigate the appropriate range of electrode spacing, the simulation involves increasing
the spacing value.

From the analysis presented in Figure 6, it is evident that the electrode size of
RUREMM has been specifically designed to measure 200 x 200 um?. In order to eval-
uate and compare the electric field, simulations have been conducted with four distinct
processing spacing parameters: 400 pm, 600 pm, 800 um, and 1000 um. By capturing
data from the workpiece surface, the relevant potential curve has been plotted. Thus, the
most effective electrode spacing parameter can be determined through this process. The
simulation cloud image above illustrates that with specific simulation parameters, the
workpiece surface can exhibit square pits of relatively uniform size with good consistency.
From the above 3D-simulated cloud image, under certain simulation parameters, the sur-
face of the workpiece can be fitted with square pits of relatively uniform size, and the
consistency is good. In the small spacing of 400 um and 600 um, the electric field line
interferes obviously, forming a disturbing electric field distribution described with dotted



Processes 2024, 12, 884 8 0of 19

circles, which ultimately affects the size and accuracy of the formed micro-pits shown in
Figure 6a,b.
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Figure 5. Influence diagram of electric field on different electrode size. (a) 50 x 50, (b) 100 x 100,
(c) 200 x 200, and (d) 300 x 300.

vlox

Figure 6. Influence diagram of electric field on different electrode spacing. (a) 400, (b) 600, (c) 800,
and (d) 1000.

As the spacing between electrodes increases, the interaction between electric field
regions diminishes gradually. Consequently, when the spacing reaches 800 um and 1000 pm,
the workpiece surface is capable of forming micro-pits with favorable topography, without
any noticeable overlapping areas between pits. The simulation of these pits exhibits higher
accuracy, and the contours of the micro-pits are more distinct in Figure 6¢,d.

Figure 7 illustrates the potential distribution for varying electrode spacing. When
the electrode spacing is 400 um and 600 um, there is a noticeable overlapping region of
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potential on the anode workpiece surface described with dotted circles, which indicates
that within a specific processing gap, electric fields from adjacent regions can influence and
interfere with each other. Consequently, this interference results in uneven micro-pit sizes
during final forming and reduced molding accuracy. Conversely, at electrode spacings of
800 um and 1000 pm, the potential curves do not overlap or interfere with each other, and
the molding accuracy remains high without any negative impact. To optimize the ultrasonic
transducer’s outer wall design, it is recommended to utilize a micro-array electrode with
dimensions of 200 x 200 um and an electrode spacing of 800 pm, which adheres to the
principle of micro-electrode choice in electrochemical micro machining.

o ’ ~
10F° - 10F . .
(a),. (b) (e
s 0.5
vl
9f 9 -
8.5+ Y ~ 85t
> 8 ‘ ] > 8
s N CIRE
g =
O 6.5+ -
& 2 %
(33 6
55t 55t
st st
45
0 05 1 0 0s 1 1
Width L/mm
-
. )
10F i 10, 1 ]
© S @ S
ol -~ . ~o -
85t 85
o8 g
= 75t = s
° =]
& e £ 65t
6 6k
550 5.5t
sl

s 2 0 0.5

1 1 1 15
Width L/mm Width L/mm

Figure 7. Diagram of potential distribution on different electrode spacing. (a) 400, (b) 600, (c) 800,
and (d) 1000.

5. Experimental Design
5.1. Experimental Equipment

Figure 8 presents a visual depiction of the experimental machining platform. It
primarily consists of the machining tool, control system, ultrasonic energy generation
system, electrolyte circulation system, pulse power system, and other components. The
machining tool control system can precisely realize the displacement control of the XYZ
three axes of the machine tool and further ensure the machining interelectrode gap. The
electrolyte circulation system has the capability to filter and continuously circulate the
electrolyte during the machining process. It also enables efficient control over the speed and
flow rate within the loop. The ultrasonic generating system consists of an ultrasonic power
supply and a radial ultrasonic transducer, which can adjust the amplitude of the ultrasonic
vibration and convert ultrasonic energy into vibration energy for a cathode tool [46—48].

Additionally, the radical vibration transducer with micro protrusion and the anode
workpiece are fixed on the different revolving stages. The pulse power supply can adjust
the pulse frequency and duty cycle pulse parameters during RUREMM. Furthermore, to
observe and document the formation of cavitation bubbles between the ultrasonic trans-
ducer and the workpiece, a high-speed camera (Keyence, VW6000) is employed. This
phenomenon is illustrated in Figure 8b. Table 3 contains the experiment parameters. Addi-
tionally, the anode used in the experiment was a SUS304 tube that underwent ultrasonic
cleaning. This anode shared the same linear velocity as the ultrasonic transducer.
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Ultrasonic power supply

Pulse power supply_—& : | < : W[ 1
Rotation controller —== - . ‘ ! | Electrolyte nozzle

Oscilloscope

Micro protrusions
|

: SUS304 tube

Motion controller

A High-speed camera

XYZ platform

Figure 8. Experimental equipment of RUREMM. (a) Whole view, (b) enlarged view.

Table 3. Experimental conditions.

Item Symbol Value Unit
Protrusion size A XA 200 x 200 pm
Rotation speed Ve 0.004, 0.006, 0.008, 0.01 r/min

Inter-electrode gap A 50 pm
Pulse voltage u 10 \%
Pulse frequency f1 8,12,16,20 kHz
Workpiece diameter D 50 mm
Electrolytic velocity Ve 3 m/s
Electrolyte concentration wt 10 Y%
Electrolyte temperature Te 25 °C
Ultrasonic amplitude A 5,10, 15, 20 um
Ultrasonic vibration 2 28 KHz
frequency
Machining time t 10 min

5.2. Experimental Design

The processing experiments mainly consists of three parts. Firstly, the movement rule
of the cavitation bubble was effectively analyzed through photographing the collapsing
process of bubbles in a very short period. Then, the influence rules of the different machin-
ing parameters on the roughness and aspect ratio of the pits were researched and analyzed,
such as ultrasonic amplitude, rotation speed, pulse frequency. In the end, optimized pa-
rameters were employed to machine micro array pits with high machining surface quality
and precision on the surface of the 55304 cylindrical tube. The choice of the tool electrode is
a 304 stainless steel material, which possesses specific stiffness and strength. Additionally,
304 stainless steel exhibits excellent bending strength, electrical conductivity, and high
temperature resistance. Therefore, it effectively diminishes the adverse effects of ultrasonic
vibration-induced high temperatures shown in Figure 9.

Figure 9. Physical diagram of array microelectrode on cylindrical surface. (a) Global view, (b) en-
larged view.
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5.3. Analysis of Cavitation

In order to confirm the theoretical change rules of the cavitation bubbles’ continuous
expansion, compression and collapse, the cavitation bubbles in the machining gap were
captured by a high-speed camera, and circled through a red dotted line, which is shown in
Figure 10. Moreover, compared with the simulated results, their motion laws were explored
and analyzed through the ultrasonic energy field. In the initial stage, it is clear that no
products exist in the machining gap, but the tiny bubble core will be formed when the
ultrasonic energy field is continuously applied for 3.5 ps, which is shown in Figure 10a.
When the processing time is 10.5 pus, much more dense bubble groups are generated
(Figure 10b), and it can be observed that the average radius of the bubble progressively
increases. This phenomenon can be attributed to the continuous formation of a negative
pressure area in Figure 10c.

Figure 10. Cavitation bubbles. (a) 3.5 ps, (b) 10.5 us, (c) 17.5 ps, (d) 24.5 ps, (e) 31.5 ps, and (f) 35 ps.

However, the radius of the bubble reaches the maximum, which is 61.1 pum and even
the ultrasonic transducer is at the max displacement, and the processing time is 24.5 us
(Figure 10d). That is because the cavitation bubble continuously absorbs external energy,
and the radius changes to the maximum value when the ultrasonic energy field is at
the maximum negative pressure. Finally, the collapse phenomenon of bubbles occurs
instantly, and the turbidity phenomenon gradually appears in the machining gap when the
processing time is up to 31.5 ps (Figure 10e), which is because the ultrasonic transducer
vibrates upward, and the ultrasonic energy field promotes the formation of a high-pressure
environment instantaneously.

Additionally, the other large cavitation bubbles and the corrosion impurity gathered
in the gap can be extruded out under the action of mechanical and mutual diffusion of
the ultrasonic energy field. From Figure 10f, the new cavitation bubble groups continue to
reform in the new period due to the unstable machining environment. Moreover, the radius
curve of the cavitation bubble with processing time is obtained and compared with the
theoretical results in Figure 11. The experimental results show that the cavitation bubble
has a similar trend with the theory, which can undergo expansion, compression, collapse
and oscillation, and the max deviation is less than 12.5%. The ultrasonic energy field is
particularly notable for its ability to create cavitation in the narrow machining gap. This
phenomenon has significant benefits, such as enhancing the electric/flow field, facilitating
the elimination of joule heat, increasing current density, and ultimately boosting the overall
reaction in micro-electrochemical machining.
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Figure 11. The radius view of cavitation bubbles.

5.4. Effect of Different Parameters

By analyzing the ultrasonic cavitation bubble, it has been observed that the ultrasonic
energy field has the capability to alter the electrolyte’s flow rate and renew the insoluble
electrochemical machining byproducts. During RUREMM, the ultrasonic vibration of
the tool cathode directly acts on the direction of material erosion, which can weaken
the formation of passivation film, enhance the mass transfer between the workpiece and
the solution, and finally increase the current density. Moreover, the surface quality and
precision of micro-pits in machining can be greatly improved by adjusting the ultrasonic
amplitude. Table 4 presents an analysis of the impact of the ultrasonic amplitude on pit size.

Table 4. Analysis table regarding the influence of ultrasonic amplitude on pit size.

Items Amplitude $h01:t Width Depth Aspect Ratio
(um) Circuits (um) (um)
5 0 315.2 15.1 0.0479
10 0 265.1 18.9 0.0713
RUREMM 15 0 221.1 24 0.1013
20 3 210.1 13.2 0.0628

In conjunction with Figure 12 depicting the morphology of micro-pits at various
amplitudes, it is obvious that at an ultrasonic amplitude of 5 um, there exists corrosion
on the workpiece surface due to the unstable machining process, and the localization is
pretty poor. Moreover, the shape of the micro-pits gradually changed from round to square,
and the localization was obviously improved with the continuous increase of ultrasonic
amplitude from 5 to 15 pm.

200um 2 ~-200pm

—_—

Figure 12. Morphology of array micro-pits by RUREMM. (a) 5 pm, (b) 10 pum, (c) 15 um, and
(d) 20 pm.
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However, the three short circuits show that the machining environment was changed
to become unstable, the phenomenon of the over corrosion can be clearly seen when the
ultrasonic amplitude was increased to 20 um, and the messy corrosion products and metal
frits can be obviously found at the bottom of some micro-pits from the enlarged view of
Figure 12d. This is because the equilibrium machining gap is almost zero, which is easier
to lead to direct contact between the machining tool and the anode when too large of an
ultrasonic amplitude makes the overall processing gap smaller. Moreover, more electrolytic
insoluble products will accumulate and constantly adhere to the bottom of the pit or the
smooth surface of the workpiece due to the too small processing gap, which is harmful to
the whole radial ultrasonic rolling electrochemical micromachining.

Figure 13a,b illustrates the ratio and roughness of the machining pits, respectively,
during RUREMM. The roughness of the micro-pits was measured under various conditions
using a 3D profiler from Chotest Company, specifically the Super View 1 model. With
the increase of ultrasonic amplitude, the depth-to-width ratio of micro-pits improved
from 0.0479 to 0.1013, an increase of 111.5%; the roughness of the surface decreased 32.5%
from 0.421 um to 0.284 pm, with the reason being that the ultrasonic energy field has a
remarkable capability to enhance both cavitation and flow field distribution, resulting
in improved material dissolution rates, and thus the dissolution rate of the workpiece
material is increased. However, due to the frequent phenomenon of the short circuits that
leads to the whole machining situation becoming unstable, and the aspect ratio decreasing
significantly from 0.1013 to 0.0628, which decreased by 38.0%, the roughness increased
49.6% from 0.284 pm to 0.425 um when the ultrasonic amplitude reached 20 pm. This
was because ultrasonic vibration can change the flow field distribution in the machining
area within the gap, and can effectively discharge the insoluble products and joule heat
generated during the machining process. Meanwhile, the high-pressure gap generated by
the ultrasonic vibration can effectively discharge the gas generated during the machining
process, reduce the volume fraction of the gas in the flow field in the machining area,
and help improve the machining precision and surface quality of the micro-texture. The
experimental results indicated that the ideal ultrasonic amplitude falls within the range of
15 to 20 um, with particular significance.
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Figure 13. Effects of ultrasonic amplitude during RUREMM. (a) Aspect ratio, (b) roughness.

During EMM and RUREMM,, the dissolution rate can be obviously changed by the
rotation speed and can effectively influence the whole removal rate of electrochemical micro
machining. Table 5 shows the analysis result regarding the influence of rotation speed
on pit size. In addition, Figure 14 depicts the morphology of array micro-pits at various
rotation speeds. It reveals an interesting observation that there is an occurrence of overlap
between the corrosion area and the machining size when the rotation speed is 0.004 r/min.
Moreover, the surface of the micro-pits is not clear, and tends to be elliptical with poor
localization from the local enlarged view. This is because the voltage is unchanged, the roll
erosion rate increases, the material removal is unstable, and the concentrated corrosion
removal ability is weak, resulting in a decrease in the overall current density between
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200pm

the tool electrode and the opposite machining area. The depth of the array micro-pits is
not significantly reduced. However, when the roll erosion rate increases, the electric field
radiation range on the workpiece surface per unit time changes greatly, and the width of
the array micro-pits changes significantly.

Table 5. Analysis table regarding the influence of rotation speed on pit size.

Rotation Speed Short Width Depth

Ttems (r/min) Circuits (um) (um) Aspect Ratio
0.004 4 352.6 188 0.0533
0.006 0 306.2 16.6 0.0542

EMM 0.008 0 257.7 15.3 0.0594
0.010 1 194.6 51 0.0262
0.004 1 3205 283 0.0883
0.006 0 270.6 25.1 0.0928

RUREMM 0.008 0 211 24 0.1013
0.010 3 180.1 105 0.0583

200pm
—_

Figure 14. Morphology of array of the micro-pits under different rotation speeds (r/min), EMM:
(a) 0.004, (b) 0.006, (c) 0.008, (d) 0.01, RUREMM: (e) 0.004, (f) 0.006, (g) 0.008, and (h) 0.01.

However, with the increase of the rotation speed from 0.004 r/min to 0.008 r/min, the
width of the micro-pits gradually decreases, and the stray corrosion phenomenon gradually
weakens. As the rotation speed is up to 0.01 r/min, the topography of the micro-pits
becomes significantly indistinct. Only localized pitting corrosion is observed on the surface
of the workpiece. This is because a large rotation speed will result in less processing time
in the unit area, the electrode will be turned out of the processing area, resulting in the
uncompleted machining, and the quality of the workpiece will be affected.

The relationship between the rotation speed and the machining size, including the
depth-to-width ratio and roughness during EMM and RUREMM, is illustrated in Figure 15a,b.
With the increase of rotation speed, the aspect ratio of micro-pits improved from 0.0533 to
0.0594, an increase of 11.4%, and the roughness of the surface decreased 18.5% from
0.523 pm to 0.426 pm by EMM. Besides, the aspect ratio of micro-pits increased 14.7%
and the roughness of the surface decreased 19.8% by RUREMM,; the reason for this is the
instability of material removal and the limited ability to concentrate corrosion, which leads
to the decrease in the overall current density between the machining tool and the opposite
area as the rotation speed increases. However, the depth is not significantly reduced, and
the electric field radiation range on the workpiece surface is significantly changed in unit
time, and the width of the array micro-pits is reduced significantly.
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Figure 15. Effects of rotation speed on array pit dimensions during EMM and RUREMM. (a) Aspect
ratio, (b) roughness.

Due to the concentrated corrosion ability of the material per unit time is weakened,
even if there is the effect of ultrasonic energy field in the narrow machining gap when the
rotation speed is up to 0.01 r/min. The aspect ratio of the micro-pits is reduced by 55.9%
and 42.4%, and the roughness of the surface is improved by 27.7% and 38.7% by EMM and
RUREMM. Moreover, the insoluble products cannot be timely and uniformly removed, re-
sulting in a reduction in the overall current density, the workpiece surface is not completely
corroded, and the whole surface quality will be ultimately influenced. In conclusion, the
range of 0.006 r/min to 0.008 r/min was suggested as the optical experimental parameters.

The pulse power supply is used to change the current density in the pulse type, and
change the pressure of the electrolyte, and the polarization effect is reduced between
the electrodes, which can significantly enhance the workpiece’s surface quality. Table 6
illustrates the analysis of the effect of pulse frequency on pit size, while Figure 16 illustrates
the different appearances of the array micro-pits under various pulse frequencies in both
EMM and RUREMM processes. From Figure 16d,h, the phenomenon of short circuit still
occurs, and the outline of the micro-pits has become blurred, and the processed surface has
been damaged by corrosion. In addition, it is obvious that the profile of the micro-pits is
clearer, and the stray corrosion is weakened compared with EMM. Due to the cavitation
phenomenon promoted by the ultrasonic energy field, the non-viscous electrolytic products
will be removed constantly, and finally improve the whole accuracy of machining.

Table 6. Analysis table regarding the influence of pulse frequency on pit size.

Pulse Frequency Short Width Depth .

Items (kHz) Circuits (um) (um) Aspect Ratio

8 0 271.7 16.1 0.0594

12 0 257.7 15.3 0.0594
EMM 16 0 2445 146 0.0597

20 2 216.5 12.8 0.0591

8 0 233.6 233 0.0997

12 0 21.1 224 0.1013
RUREMM 16 0 2124 218 0.1026

20 0 195.4 15.7 0.0803

Figure 17a shows the aspect ratio of array pits in different pulse frequencies, when the
pulse frequency increased from 8 kHz to 16 kHz, the average depth-to-width ratio tends to
be flat and almost constant, about 0.0594 during EMM, while improving to 2.9% through
RUREMM. This is because the increase of the reverse current is conducive to eliminating
the concentration polarization; the polarization potential distribution on the surface of the
workpiece is uniform, so that the material removal is more uniform, and the replication
accuracy of the micro-pits will be higher. Figure 17b shows the roughness of the EMM and
RUREMM, which have similar variation during the different pulse frequencies. Besides, the
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roughness of the surface reduces by 17.5% and 18.6% when the pulse frequency increases
during EMM and RUREMM. However, the aspect ratio of micro-pits reduces by 1.0% and
21.7%, and the roughness of the surface improves by 17.5% and 28.1% when the pulse
frequency is up to 20 kHz during EMM and RUREMM. That is because the whole current
density is clearly affected by the charging time of the double electric layer, which results
in pulse frequency increasing, and pulse period becoming shorter, which can limit the
electrochemical reaction area under the same pulse voltage according to the charge and
discharge principle of the double electric layer. Combined with the above analysis, it can
be concluded that the optimal applied pulse frequency is 16 kHz, which has the higher
aspect ratio and surface accuracy.

= 200pum
p—

Figure 16. Morphology of the array of micro-pits under different pulse frequencies (kHz), EMM: (a) 8,
(b) 12, (c) 16, (d) 20, RUREMM: (e) 8, (f) 12, (g) 16, and (h) 20.
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Figure 17. Effects of pulse frequency on array pit dimensions during EMM and RUREMM. (a) Aspect
ratio, (b) roughness.

5.5. Fabrication of Array Micro-Dimples

In conclusion, the optical parameters for good performance and high precision are
chosen so that the ultrasonic amplitude is 15 um, the rotation speed is 0.008 r/min, and the
pulse frequency is 16 kHz, and the diagram of array micro-pits with optimized parameters
is shown in Figure 18a,b. Besides, the cross-sectional profile curve of micro-pits was
analyzed during RUREMM shown in Figure 18c. It can be figured out that the average
width is 212.4 um, the depth is 21.8 um, the aspect ratio is 0.1026 pum, and the roughness of
the smooth surface is 0.253 um with consistent size, no stray corrosion phenomenon, high
localization and good surface quality.
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Figure 18. The diagram of experimental results with optimized parameters. (a) Whole view, (b) en-
larged view, and (c) cross-sectional dimension.

6. Conclusions

In this paper, the cavitation phenomenon of the bubble between the ultrasonic trans-
ducer and the cylindrical SUS304 tube was analyzed, and the electric field’s impact on the
machining gap was studied through the COMSOL5.2 simulation software. Furthermore,
the localization, surface quality and machining accuracy of the workpiece surface were
examined and compared between RUREMM and EMM. Based on the analysis conducted,
the relevant conclusions are as follows:

(1) During RUREMM, the theory of cavitation was analyzed i.e., the bubble undergoes
expansion, compression, collapse and oscillation when the ultrasonic transducer
vibrates upwards or downwards in the narrow machining gap. In addition, the
experimental results show that the similar trend with the theory and the max deviation
is less than 12.5%.

(2) Through the utilization of the COMSOL simulation software, modifications were
implemented to fine-tune the dimensions of the micro-roll etching electrode. Conse-
quently, the optimal measurements for the electrode were ascertained to be 200 x 200 pm?
in size, with an electrode spacing of 800 pum.

(38) Compared with the EMM, the localization and the surface accuracy can be improved
obviously through RUREMM. Furthermore, it was noted that the occurrence of stray
corrosion in micro-pits noticeably reduced as ultrasonic amplitude, rotation speed,
and pulse frequency increased. However, the higher value of the parameters will
deteriorate the whole surface accuracy and quality.

(4) In conclusion, the ultrasonic amplitude of 15 um, the rotation speed of 0.008 r/min,
and the pulse frequency of 16 kHz were chosen to be the optical parameters for good
performance and high precision. In addition, the ultrasonic energy field resulted in
the formation of array micro-pits. These pits have an average width of 212.4 um, a
depth of 21.8 um, an aspect ratio of 0.1026 um, and a roughness of 0.253 pm on the
smooth surface. This demonstrates the effectiveness of RUREMM.
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