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ARTICLE INFO ABSTRACT

Keywords: In ultrasonic-assisted machining, the synergistic effect of the cavitation effect and micro-abrasive particles plays
Uljcrasgmc cavitation a crucial role. Studies have focused on the investigation of the micro-abrasive particles, cavitation micro-jets, and
Micro-jet cavitation shock waves either individually or in pairs. To investigate the synergy of shock waves and micro-jets
Shock wave - . . . . . . . s .

R . . generated by cavitation with micro-abrasive particles in ultrasonic-assisted machining, the continuous control
Micro-abrasive particle . . . . . . . . .
Velocity equations of a cavitation bubble, shock wave, micro-jet, and micro-abrasive particle influenced by the dimen-
Pressure sionless amount (R/Ry), a particle size-velocity—pressure model of the micro-abrasive particle was established.

The effects of ultrasonic frequency, sound pressure amplitude, and changes in particle size on micro-abrasive
particle velocity and pressure were numerically simulated. At an ultrasonic frequency of 20 kHz and ultra-
sonic sound pressure of 0.1125 MPa, a smooth spherical SiO, micro-abrasive particle (size = 5 ym) was obtained,
with a maximum velocity of 190.3-209.4 m/s and pressure of 79.69-89.41 MPa. The results show that in the
range of 5-50 pm, smaller particle sizes of the micro-abrasive particles led to greater velocity and pressure. The
shock waves, micro-jets, and micro-abrasive particles were all positively affected by the dimensionless amount
(R/Rg) of cavitation bubble collapse, the larger the dimensionless quantity, the faster their velocity and the

higher their pressure.

1. Introduction

In ultrasonic cavitation, cavitation bubbles form, grow and implode
and collapse in a liquid medium driven by ultrasonic pressure waves
[1,2]. When cavitation bubbles have no boundary and pressure gradient
in the growth space, they maintain spherical symmetry. Shock waves,
the micro-abrasive particles in a medium, and pressure gradient caused
by gravity are some of the factors that cause cavitation bubbles to
collapse asymmetrically [3], and this generates micro-jets [4]. There-
fore, the collapse of cavitation bubbles is mainly asymmetric collapse,
and it is accompanied by the generation of shock waves and micro-jets
(i.e., the cavitation effect). In the past few decades, there has been
extensive experimental and theoretical research on the individual be-
haviors of shock waves, micro-jets, and micro-abrasive particles, as well
as in pairs, however, it is still necessary to study the three interactions as
a whole and establish a more accurate quantitative model.

Ultrasonic-assisted machining technology combines traditional and
ultrasonic machining, it demonstrates the practical application of the
ultrasonic cavitation effect based on traditional machining. Ultrasonic

vibration-assisted processing is used on structured surfaces with com-
plex micro/nanostructures [5,6]. Chen et al. [7] conducted a vibration
cavitation erosion test of 40Cr steel; they determined that complete and
incomplete corrosion pits are attributed to large-radius micro-jet flows
and shock waves generated outside the action distance of the micro-jet,
respectively. The interpretation of the pits [8] can deepen our under-
standing of the shape and pressure of the effect of cavitation shock
waves and micro-jets on the surface of a machined workpiece. A com-
plete understanding of the cavitation effect can highlight its more
effective role in practical applications.

There has been extensive research on ultrasonic cavitation shock
waves [9,10]and micro-jets. In 1944, Kornfeld [11] first proposed the
theory of micro-jets. Ye and Zhu [12] conducted ultrasonic cavitation
tests and inversion analyses to explore the influence of near-wall
acoustic cavitation collapse micro-jets on a 1060 aluminum plate. The
results showed that when the indent-depth ratio of micro-jet impact was
16-68, the impact strength of the micro-jet was 420-500 MPa, and the
corresponding velocity of the micro-jet was 310-370 m/s. Tzanakis [39]
carried out cavitation impact tests on steel samples using an ultrasonic
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transducer with a probe diameter of 5 mm, they usd a reverse engi-
neering approach to determine that jet impingement was in the range of
0.4-1 GPa, with corresponding jet velocities of 200-700 m/s. Table 3
lists the results of several studies on micro-jet pressure and velocity
obtained via various methods, which include experiments and numeri-
cal simulations; it provides a reference for further accurate quantifica-
tion of both micro-jets.

In addition to micro-jets, shock waves are an important component
of the cavitation effect. During the collapse of a bubble, strong shock
waves are generated and propagate through the liquid at speeds higher
than the speed of sound. Many researchers have presented methods for
quantifying and understanding shock waves through experimental
measurements. In the 1980 s and 1990 s, Field [13,14] and others used a
combination of ripple shadowing and high-speed photography to study
the interaction between the shock wave generated by an impact shocker
and a stationary bubble in a two-dimensional gelatin gel; and observed
that the shock wave caused the bubble to collapse under the action of a
micro-jet in the direction in which the shock wave was that traveling.
Although the bubbles in Field’s experiments were not generated by ul-
trasound at the time, the findings are still relevant for experimental
studies of shock waves and bubbles. Several researchers have also
corroborated the accuracy of Field’s results; Klaseboer [15] demon-
strated that shock waves cause bubbles to collapse, producing micro-jets
that follow the direction of the shock wave. Petkovsek et al.[16] used
visualization to show that the collapse of a cavitation cloud in a large
volume of liquid generates a full range of shock waves; they estimated
the shock wavefront velocity and local pressure wave caused by bubble
cloud collapse were > 700 m/s and 5 MPa, respectively. Brujan [20]
investigated shock waves via ultrasonically generated cavitation bubble
collapse; shock wave velocities and pressures were experimentally
determined to be 1500-2520 m/s and 1.3 + 0.3 GPa, respectively;
Table 2 lists results of previous studies of cavitation shock wave veloc-
ities and pressures. Khavari et al. [17] measured the shock wave pres-
sure generated by a cavitating bubble in water excited by an ultrasonic
probe at 24 kHz and obtained a consistent resonance peak in a very
narrow frequency range (3.27-3.43 MHz); this new peak may be
attributed r to the shock waves emission from the ruptured bubble, as
verified by obtaining that the shock wave attenuates along the symmetry
axis and is stronger at the edges.

Shock waves are generated at ultrasonic speeds, and they decay
instantly by losing energy rapidly [18]. The decay rate of shock waves
has been experimentally investigated by several researchers; decay rates
have been determined to be 1/r [19], 1/r1'5[20], 1/r2'3[21], and so on.
Khavari [17] observed a 97-98 % decrease in the maximum pressure of
shock waves for three different input power transducers at a distance of
10 mm; Vogel, Busch & Parlitz [22] also confirmed that the mechanical
energy of shock waves is significantly dissipated within the first 10 mm
of propagation. Thus, shock waves are generated and dissipated rapidly,
which explains why they cannot be observed by the naked eye.

Ultrasonically assisted machining with the addition of micro-
abrasive particles can effective enhance the efficiency and improve the
surface quality of ultrasonic polishing of advanced materials with high
strength, hardness, and brittleness [1]. Soh et al.[23] indicated that the
addition of particles to the cavitation stream can produce effects far
beyond the cavitation effect alone or the particle effect alone. Zhang
et al. [24] proposed the concept of a suspension with a sufficiently small
gap infiltrated between the polishing tool and the machined workpiece
as a suspension film (STF) and used ultrasonic polishing (USP) experi-
ments and computational fluid dynamics (CFD) simulations to form a
strong transverse shear flow in the STF, which is crucial for material
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removal. The finite element method (FEM) was also used to investigate
the effects of abrasive particle size, kinetic energy change, impact force
analysis, and impact angle on the material removal rate. Bifano et al.
[25], in their study on the processing of brittle materials, found that
hard brittle materials also have properties similar to plastic deformation
of plastic materials. Peng et al. [26] performed ultrasonic cavitation
erosion of reservoir rocks in distilled water containing SiO5 and without
SiO, respectively; they showed that the presence of micro-abrasives
increases the ultrasonic cavitation erosion of the reservoir rocks, and
the synergistic effect with cavitation promotes the erosion of the
workpiece surface. Thus, adding micro-abrasives to the ultrasonically
assisted process positively influences the material surface.

Contemporary studies have focused on the interaction between in-
dividual bubbles and single abrasive particles; they determined that the
collapse of a bubble accelerates the motion of abrasive particles, but
with varying ways of the acceleration mechanism. In this study, we
present that before the collapse of a bubble, the bubble itself does not
have an acceleration mechanism in the absence of cavitation nucleation;
rather, the collapse of the bubble generates a shock wave and a micro-
jet, both of which act together at high transient pressures on the
micro-abrasive grain, and the sudden impact of both is the source of
acceleration. Both have an accelerating effect on the motion of micro-
abrasive particles, and they also cause particle breakage. Zhang et al.
[27] showed that during bubble rupture, micro-jets, shock waves, and
high-speed inter-particle collisions lead to effective local deformation of
the surfaces of micro-abrasive particles; these deformations are mainly
caused by interactions between particles and shock waves. The critical
effect of the initial size of a solid particle on the internal fracture of the
particle under ultrasound was predicted, and the following results were
obtained: SiO, particles (<2 pm) are unlikely to rupture with sufficient
energy to collide. Prozorov et al. [28] found that shock waves cause
high-speed collisions between micro-abrasive particles and that the
initial size of the solid particles critically influences inter-particle colli-
sions. In the case of zinc, for example, particles smaller than a few mi-
crons or larger than a few tens of microns will not collide with sufficient
energy to aggregate. Irrespective of the size of the micro-abrasive par-
ticles, the micro-jets and shock waves cause the micro-abrasive particles
in the liquid medium to acquire a certain velocity, and this velocity has a
micro-cutting effect on the surface of the machined workpiece.

As seen in the above discussions, several researchers have investi-
gated micro-abrasive particles, cavitation micro-jets, and cavitation
shock waves either individually or in pairs; however, it is relatively rare
to see all three studied together. In this study, theoretical analyses and
numerical simulations based on the basic equations of cavitation bubble
dynamics, cavitation micro-jet control equation, cavitation shock wave
control equation, and Newtonian mechanics velocity equation of micro-
abrasive particle are used to obtain the velocity and pressure of shock
wave, micro-jet, and the micro-abrasive particle, respectively. This
provides insights for investigating the three together. Most previous
studies have been based on the inversion analysis of micro-abrasive
particle velocity through the mass loss of the workpiece. However, in
this study, the velocity and pressure model of micro-abrasive particles is
directly established, which provides a reference for the selection of ul-
trasonic parameters and micro-abrasive particle parameters in ultra-
sonic machining and reduces the cost of trial and error.

2. Methods

First, cavitation bubbles, micro-jets, shock waves, and the micro-
abrasive particles are modeled simultaneously. The dimensionless

Table 1

Values of relevant model parameters.
P,/Pa f/Hz ¢/(m/s) p/(kg/m?) u/(Pa-s) Ro(m) P,/Pa o(N/m) 14 14
101,300 20,000 1500 998 0.001 5x 10° 2330 0.0725 100 3/4
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Table 2
Examples of shock wave velocities and pressures.
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Literature Cavitation source Method of derivation Shock wave velocity Shock wave pressure
Mozina&Mocnik [21] Laser-induced Experiment&numerical Up to 2700 m/s >1 GPa

Pecha [19] Laser-induced Experiment Up to 4000 m/s 40-60 kbar

Brujan [20] Ultrasound Experiment 1500-2520 m/s 1.3 £0.3 GPa
Holzfuss [38] Ultrasound Numerical 1500-5500 m/s Up to 1 GPa
Petkovsek [16] Ultrasound Experiment 700 m/s 5 MPa

Table 3
Examples of micro-jet velocities and pressures.
Literature Cavitation Method of Micro-jet Micro-jet
source derivation velocity pressure
Tzanakis [39] Ultrasound Experiment&HSC 200-700 0.4-1 GPa
(20 kHz) m/s
Linzheng [40] Ultrasound Numerical 355-848 273-1131
(20 kHz) m/s MPa
Pishchalnikov Ultrasound Numerical&HSC Upto 1164  Upto 0.65
[41] (20 kHz) m/s GPa
Petkovsek, R Laser- Numerical&BDP 300 ~ 780 —
[42] induced scanning m/s
Chen, H.S [43] Ultrasound Experiment 200-1300 264-1761
(20 kHz) m/s MPa

amount (R/Rg) affects each model, and the interaction between the
models is obtained through numerical analysis.

The generally accepted shock wave and micro-jet generation process
[29] is that the shock wave generated by the cavitation cloud contacts
the cavitation bubble near the wall, resulting in different pressures up to
and below the spherical cavitation bubble; the bubble collapses and
releases energy to generate micro-jets. Concurrently, generated shock
waves and micro-jets [30] are the sources of micro-abrasive accelera-
tion. Fig. 1(a) provides an intuitive understanding of the relationship
between the three; Fig. 1(b) shows the forces on the micro-abrasive
particle grains as they move.

2.1. Mathematical model of cavitation bubble dynamics

Common models used for cavitation bubble dynamics are the
Rayleigh-Plesset model (R-P model) [31], Gilmore model [32], and
Keller-Miksis model (K-M model) [33]. For two compressible fluid
models, the Gilmore equation is suitable for describing high Mach
numbers [34] and investigating large-amplitude acoustic cavitation at
high driving sound pressures. The modified K-M equation applies to
vibrations of various amplitudes and produces results that agree well
with those obtained by solving the full partial differential equations of

a. lllustration of cavitation effect and particle

T'he shock wave
from cloud collapse

Micro-jet
Micro-abrasive particle W

.

fluid dynamics. Therefore, we selected the modified Keller-Miksis model
(Eq. (1)) in this study [33]:

A Y SRS GRS dgpy— (1 + R)P R
c 2 3¢]  p pedt a clp pcdt
€8]

According to the analysis of internal and external forces of the
cavitation bubble wall, the pressure, P, of the liquid outside the cavi-
tation bubble wall is given using Eq. (2) [33]:

26\ (R)\” 206 4uR
P=(P—P 4+ (3] — S —Py+P,—

Re R P, sin(2zft) (2)

According to the conservation of energy, cavitation wall velocity is
obtained using Eq. (3):

S CR ORI O]

3

where P, and f are the sound pressure amplitude and frequency,
respectively, in the ultrasonic field. The parameters of liquid medium
water appear in the formula; c is the normal sound velocity in water, p is
the density of the liquid medium water, and p is the viscosity of the
liquid. There are also some parameters for the bubble itself; Ry is the
initial radius of a cavitation bubble, R is the radius of a cavitation
bubble, and R and R are the first and second derivatives of R with respect
to time, t, respectively. P, is the saturated vapor pressure in the cavi-
tation bubble, ¢ is the surface tension coefficient, Ry is the initial radius
of the cavitation bubble, and y is the polytropic index of the gas. The
values of relevant model parameters are presented in Table 1.

The size of the bubble when it collapses is an index of the efficiency
of converting ultrasonic energy into mechanical energy. The time-
dependent curve of cavitation in the process of growth, development,
and collapse is obtained by solving Eq. (1) through the fourth-order
Runge-Kutta algorithm with Matlab, followed by extracting the dimen-
sionless amount (R/Rg) of cavitation bubble collapse.

b. Illustration of the force analysis of particle

— Pressure difference resistance

» Viscous resistance

—» Micro-abrasive particle

— The force of micro-jet

v
— The force of shock wave
4

Fig. 1. Illustration of the interaction between cavitation effect and micro-abrasive particles.
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2.2. Mathematical model of shock wave

We used the K-M model of cavitation bubble dynamics to obtain the
dimensionless amount (R/Rg) of cavitation bubble collapse for calcu-
lating the velocity of the cavitation bubble wall. This is because we
approximate bubble wall velocity during the collapse of a bubble as the
velocity behind the shock front particles when the shock wave is
emitted. The distance between the shock front and the bubble wall from
the optical axis is plotted as a function of time by Vogel, A [9,10]. The

shock wave pressure (Ps) was determined using Eq. (4):
Py = cipu, (100792 — 1) 4 P, 4

The particle velocity behind the shock front, u,, was determined by
Rice and Walsh [35] using Eq.5.

(e
u,,:q(lO “2)71) %)

According to the assumption that we approximate bubble wall ve-
locity during the collapse of a bubble as the velocity behind the shock
front particles when the shock wave is emitted, from (3) and (5), we get
Eq. (6):

R=uy=c, (105~ 1) 6)

The values of u; can be obtained using Eq. (6):

R
usc+c21g<c+l) @
1

where ¢; = 5190 m/s, c; = 25306 m/s, P, is the environment pressure,
Po=Pg + Pysin(2xft). To explore how well the results of the model match
the experimental results, numerical analysis was also conducted.

2.3. Mathematical model of micro-jet

The shock wave hits the bubble, and micro-jets are generated in the
same direction as the shock wave movement, as proven in several
studies [36]. The process of cavitation bubble collapse to generate
micro-jet is complex, rapid, microscopic, and random. Plesset and
Chapmann presented the following micro-jet velocity (V;) estimation
formula (Eq. (8)) [37]:

H\’ [P, —P,
\/,:&97(—) © v ®)
. R

where the new parameter H is the distance between the center of the
bubble and the wall. In this paper, what we need is the initial velocity of
the micro-jet, so H = R was obtained by considering the wall as the
bubble wall.

The stage of the micro-jet impacting the workpiece surface was
divided into the stage of water hammer pressure and stagnation pres-
sure. Plesset and Chapmann [37] believed that water hammer pressure
exerted by the micro-jet on the material is the main mechanism of solid
surface damage. The water hammer pressure (P)) is given using Eq. (9):

Pj = Vipyco ®

The velocity and pressure equations of micro-jets obtained so far
were used to perform numerical analysis in Section 3.

2.4. Mathematical model of micro-abrasive particle

There has been extensive research interest in the acceleration
mechanism of micro-abrasive particles due to cavitation bubble
collapse. Microscopic interaction between cavitation and micro-abrasive
particles has been explored in many experiments; however, few studies
have established a strict numerical model depicting the physical
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interactions between the two. In this study, according to Newton’s
second law, we establish a numerical model of the velocity of micro-
abrasive particles under the action of cavitation, providing a reference
for the numerical modeling of the physical effects of the two.

According to the principle of mechanical vibration and Newton’s
second law, we get Eq. (10):

av,

o (10

Fr—F,—F,=m
where Fp is the resultant force of shock wave, micro-jet, and environ-
mental pressure, Fy is the viscous resistance of the liquid, m is the mass
of the single abrasive particle, and F; is the pressure difference resis-
tance. As the shock wave and the micro-jet are generated one after the
other, the forces acting on the micro-abrasive particles are separated
between the two. Therefore, we divide Fg into two types, shock wave
action, Fgs, and micro-jet action, Fg; (Eqs. (11) and (12)):

Fpy=F,+Fo = (Py+ Py + P,sin(2nft) ) X s an
Frj = F;+Fo = (P;+ Py + P,sin(2aft) ) x s 12

where Fj, F;, and F,, are the pressure of shock wave, micro-jet, and
environmental, respectively, and s is the force area of the particle. The
liquid viscous resistance is calculated using Eq. (13), which was ob-
tained from Stokes formula (r < 0.05 mm):

F, = 6mur,V, 13)

where r, is the radius of a single-particle. The differential pressure
resistance F, during the movement of the micro-abrasive particle is:

1
Fo= sV, as

where ¢ is the resistance coefficient. In the following equations, we use
Fy instead of Fgs and Fp; for the time being, and then, we separate them
when we simulate the numerical simulation in section 3. Based on Egs.
(10) to (14), we obtain the complete force equation for the particle as
follows:

1 dv,
Fg — 6zur,V, — EépsV; = md—t” 15)

According to the mathematical software Maple, we solve the non-
linear differential equation to obtain a general solution of micro-
abrasive particle velocity (Vp):

1
Ve ( — 67ur, + (6;1-/”’))2 + 2Fgéps tanh <2 (c

s om
+1) (67rptr,,)2 -+ 2FRéps ) ) 16

where C is a constant. When setting the initial condition Vp(0) = 0, we
can solve to obtain C, so that the result for Vp is:

— 6mur,

Vp

s

+ 4/ (6ﬂurp)2 + 2Fgéps tanh ﬁ t (67[,Mr,,)2 + 2FRéps

6mur,

——— a7
(6mur,) ? 4 2Féps

+ 2marctanh

In this study, we obtained the impact velocity of the micro-abrasive
particle, and based on the Hertz contact theory, the impact pressure of
the micro-abrasive particle (Pp) in the medium water can be derived (Eq.
(18)).
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where pj, is the density of SiO,, v, and v,, are the Poisson ratio of the
micro-abrasive particle and water, respectively, and E, and E,, are the
elastic moduli of the micro-abrasive particle and the bulk modulus of
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water, respectively. In the calculations, p, = 2200 kg/mg, vp=0.2,0, =
0.5, E, = 69 GPa, and E,, = 2.18 GPa. The continuous governing equa-
tions of the shock wave, micro-jet and micro-abrasive particle affected
by the dimensionless amount of collapse of cavitation bubbles are as
follows:

P RdP

I + R
cl)p pcdt
19)

6mpr,
(6mur,) ? 4 2FRéps

-2
5

$
Ve
x10°
2300 19
2200 8
Q g
E 2100 T3
@ 5
A 3
€ 2000 | 18 =2
> Q
8 45 2
1900
® 2
s 49
> 1800 2
8 3 3
2 1700 - g
2
1600
1
1500 |-
L L . . . L L . 0
1 1.1 12 13 14 15 1.6 17 1.8
Dimensionless parameter (RIRO)
x107
25
12
. w
Q) [
£ 2
-~ 5]
© | S
3 1.5 E
= [}
g ]
5 8
= 11 8
© =
S |5}
2 20 g
Particle velocity induced by shock wave g
= = = = Particle velocity induced by micro-jet 105
Impact pressure of particle induced by shock wave .
10 - - - - Impact pressure of particle induced by micro-jet
0 L L . L L L L . 0
1 1.1 1.2 1.3 1.4 1.5 16 17 18 19

Dimensionless parameter (RIRO)

Fig. 2. Numerical simulation results obtained according to the initial environmental conditions in Table 1. (a) Simulation result of bubble oscillation; (b) and (c)
simulation results of the velocity—pressure of the shock wave and the micro-jet, respectively, concerning the dimensionless amount of bubble collapse; (d) particle
velocity and impact pressure results induced by the shock wave and the micro-jet.
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3. Results and discussion

All images in Fig. 2 were obtained by numerical simulation according
to the initial environmental conditions in Table 1. Fig. 2(a) shows a
schematic diagram of cavitation bubble oscillation with time in one
cycle. According to the cavitation bubble dynamics of the cavitation
bubble oscillating rupture, the radius of the first oscillating rebound of
the cavitation bubble is extracted and used as the collapse radius. Fig. 2
(a) shows that the dimensionless amount (R/Rg) range of bubble
collapse is 1-1.81. Numerical analysis of the shock wave model, micro-
jet model, and micro-abrasive particle model was conducted by the
dimensionless amount (R/Rg) range of cavitation bubble collapse.

In Fig. 2(b) and (c), the velocity and pressure, respectively, of the
shock wave in the initial environment are plotted. In Fig. 2(b), the shock
wave velocity and the pressure both increase in a semi-convex shape
with increase in R/Ry. Numerical simulations revealed that the initial
speed of the shock wave was supersonic, the shock wave simulation
speed was 1500-2338 m/s, and the maximum shock wave pressure was
945 MPa. Fig. 2(c) shows that the micro-jet velocity and pressure in-
crease in a semi-convex shape with increase in R/Ry. The velocity range
of the micro-jet is 127.1-416.3 m/s, and the maximum pressure range is
190.2-623 MPa. The experimental or numerical simulation data of some
researchers on the velocity and pressure of the shock wave and micro-jet
are presented in Tables 2 and 3, respectively. We conducted numerical
simulations to compare with Tables 2 and 3 and found our model to be
reasonable, valid, and valuable.

The behavior of the micro-abrasive particles is simulated in Fig. 2(d);
the appropriate abrasive particle size should be selected. First, when one
side of the bubble was in initial contact with the particle, the particle
velocity was smaller than the surface velocity of the bubble, which
caused a flat shape similar to the interaction between the bubble and the
rigid wall [44], forming a micro-jet to act on the particle. Therefore, in
the selection of abrasive particle parameters, it is first considered that
the cavitation micro-jet will not cause large-scale abrasive particle
breakage, reducing the energy loss of the cavitation micro-jet acting on
the abrasive particles and ensure that more energy is transmitted with
increasing kinetic energy of the abrasive particles. Second, Borkent et al.
[45] demonstrated that the viscous resistance on micron-sized particles
is negligible during the first cycle of the bubble. Thus, if the particle size
is small and the concentration is low, it is captured by the center of the
micro-jet and they move together. A rougher the particle surface pro-
motes the formation of cavitation nucleation. Borkent [46] verified the
influence of different types of particles on cavitation events and
concluded that surface roughness and hydrophobicity of particles are
important factors affecting cavitation activity; the cavitation activity of
rough surface particles and hydrophobic particles is stronger. Arora [47]
experimentally observed smooth surface particles without cavitation
even at very high stress levels.

Thus, to avoid the crushing of abrasive particles, reduce the influence
of cavitation nucleation, and consider the existence of viscous resis-
tance, we selected smooth spherical SiO, particles with an abrasive
particle radius of 10 pm for initial numerical simulation.

In Fig. 2(d), numerical simulation results show that the maximum
velocity and maximum pressure of 10 pm smooth spherical SiO5 particle

Table 4
Examples of micro-abrasive particle velocities.
Literature Cavitation Method of Particle Particle
source derivation diameter velocity
Prozorov Ultrasound Numerical&SEM 2.2-38 pm 750-3250
[28] (20 kHz) m/s
Tan [29] Ultrasound Numerical&HSC 5-50 pm 8-40 m/s
Borkent Tensile stress Experimental 68 pm 37 m/s
[45] wave
Doktycz Ultrasound Experimental 10 pm 100-500 m/
[48] ( 20 kHz) calculations s
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induced by the force of shock wave and micro-jet, respectively, are 68.8
m/s, 46.85 m/s and 23.51 MPa, 14.82 MPa, respectively, for R/R( range
of 1-1.81. Both curves show an increasing trend; especially, the velocity
of the micro-abrasive particle subjected to the force of the micro-jet does
not start from zero, which again proves that the shock wave is generated
before the micro-jet and that the residual shock wave gives the micro-
abrasive particle a certain velocity. Based on previous investigations,
as shown in Table 4, the simulated velocities of the micro-abrasive
particles modeled in this atudy are in general agreement with the
simulated range of particle velocities and the actual range of processing
under general environmental conditions. The impact pressure of a par-
ticle is obtained based on the velocity, and the correctness of the particle
size-velocity model of micro-abrasive particles also verifies the impact
pressure model of the particles.This is sufficient to show that the pro-
posed research is correct and valuable, and suitable for further in-depth
exploration and analysis. However, the abrasive particle velocity is
greatly affected by particle size, viscosity, and concentration of the
liquid medium. Changes in any condition will significantly alter the
abrasive particle velocity. The effect of particle size on particle velocity
and impact pressure are described next in Section 3.3.

We set different ultrasonic frequencies, pressure amplitudes and
particle sizes to investigate their effects on the velocity and pressure of
shock waves, micro-jets, and micro-abrasive particles. The value of R/Rg
of the cavitation bubble changed considerably by the above factors.
Specific impacts are presented in Sections 3.1, 3.2 and 3.3.

3.1. Effects of ultrasonic field-frequency

The frequency of the ultrasonic field is an important factor affecting
cavitation. In the range of 20-100 kHz, we selected the ultrasonic fre-
quencies of 20 kHz, 60 kHz, and 100 kHz for simulation and determined
the most suitable frequency for ultrasonic processing. The test results are
shown in Fig. 3.

As shown in Fig. 3, at an ultrasonic frequency of 20 kHz, the oscil-
lation of cavitation bubble is the most regular; compared with the ul-
trasonic frequencies of 60 kHz and 100 kHz, the dimensionless amount
can reach the maximum value at 20 kHz. At ultrasonic frequencies of 60
kHz and 100 kHz, the period of cavitation bubble collapse is shorter and
R/Ry is smaller than that at an ultrasonic frequency of 20 kHz. There is
an irregular cavitation bubble oscillation curve, which is not conducive
to precision ultrasonic machining. In ultrasonic-assisted machining,
regular cavitation oscillation is selected, which is conducive to the
control of cavitation effect and can also improve machining accuracy. As
shown in the simulation results, in the range of 20-100 kHz, the
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Fig. 3. Simulation results for different ultrasound frequencies.
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ultrasonic frequency of 20 kHz is the most suitable for ultrasonic pro-
cessing under the current conditions. This is also consistent with the
experimental conditions of several studies [28,48].

3.2. Effects of ultrasonic field-sound pressure

The sound pressure amplitude of the ultrasonic field is another
important factor that affects cavitation. For a cavitation bubble with an
initial radius, Ry = 0.5 pm, the cavitation threshold is approximately
0.1125 MPa, calculated according to the cavitation threshold formula.
Three different sound pressure amplitudes are set, namely, 0.0375 MPa,
0.075 MPa, and 0.1125 MPa, to study the cavitation oscillation, as
shown in Fig. 4:

As shown in Fig. 4, in the range of cavitation threshold of 0.1125
MPa, R/Ry € [1,3.676], the velocity range of shock wave is 1500-2980
m/s, and the maximum pressure generated is up to 2189 MPa; The ve-
locity range of micro-jet is 134 ~ 1717 m/s, and the generated pressure
can reach 2570 MPa. According to the numerical values, greater
amplitude of the sound pressure implies greater maximum value of R/
Rg, more violent oscillation of the cavitation bubble, and a more obvious
cavitation effect. Therefore, to improve the processing efficiency, obtain
cavitation bubbles with greater energy, and produce more effective
cavitation effects, a sound pressure amplitude close to the threshold for
processing within the cavitation threshold range should be selected. In
practice, however, accurately controlling the sound pressure amplitude
in ultrasonic machining is challenging; this problem should be investi-
gated more in the future.

3.3. Effects of micro-abrasive particle

The kinetic energy of abrasive particles is related to particle size and
velocity at the same time, and we aim to obtain the optimal solution for
abrasive particle size and velocity. For the simulation conditions, we
selected the ultrasonic sound pressure amplitude of 0.1125 MPa ac-
cording to the discussion presented in section 3.2. A micro-abrasive
particle with a very small size (especially when the radius of the
micro-abrasive particle is smaller than that of the cavitation bubble,
under the conditions of this study, it is < 5 pm) is sucked into the center
of the micro-jet and moves together with it; for a micro-abrasive particle
with a very large size ((under the conditions of this study, > 50 pm), due
to the tiny size of the bubbles, the abrasive grains do not have a sig-
nificant velocity. Therefore, under the conditions of this study, the
radius of the abrasive particles is in the range of 5-50 pm, and a realistic
moving velocity can be obtained. Therefore, smooth spherical SiOy
particles with radii of 5 pm, 10 pm, 20 pm, 30 pm, 40 pm, and 50 pm
were selected. The simulation results for different particle size velocities
are shown in Fig. 5.

As shown in Fig. 5, smooth spherical SiO, particles of six different
radii (5 pm, 10 pm, 20 pm, 30 pm, 40 pm, and 50 pm) were subjected to
shock wave force-induced and micro-jet force-induced particle velocity
and pressure when the cavitation bubble collapsed to the maximum
dimensionless level. As shown in Fig. 5(a), the particle velocities

4 3000
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induced by the dominant shock wave force induced were 209.4 m/s,
104.7 m/s, 52.36 m/s, 34.91 m/s, 26.18 m/s, and 20.94 m/s; (b) the
particle velocities induced by the dominant micro-jet force induced were
190.3m/s, 95.15m/s, 47.57 m/s, 31.72m/s, 23.79 m/s and 19.03 m/s;
(c) pressures induced by shock wave were 5.641 MPa, 7.373 MPa, 10.41
MPa, 16.94 MPa, 38.92 MPa, and 89.41 MPa; and (d) pressures induced
by the micro-jet were 5.028 MPa, 6.572 MPa, 9.281 MPa, 15.1 MPa,
34.69 MPa, and 79.69 MPa, respectively.

As shown in the results, whether it is micro-abrasive particle
movement induced by the force of shock wave or micro-jet, the effects of
particle size on velocity and pressure are intuitive and clear. Larger
dimensionless amount (R/Rg) results in greater velocity and pressure
that the particle can obtain; larger particle size results in smaller velocity
and pressure that the particle can obtain; As shown in Fig. 5, the increase
in the velocity and pressure of the micro-abrasive particle increases with
decreases in particle size; in particular, the velocity and pressure of the
micro-abrasive particle increase by twice as particle size changes from
10 pm to 5 pm. When particle size decreases from 50 pm to 20 pm, the
velocity and pressure of the micro-abrasive particle induced by the force
of shock wave and micro-jet change only slightly. Under the conditions
of this study, the maximum particle velocity and pressure, 209.4 m/s
and 89.41 MPa respectively, can be obtained by selecting smooth
spherical SiO; particles with a radius of 5 pm. the findings of this study
provide insights for setting parameters for ultrasonic-assisted machining
operations.

4. Conclusion

Quantification and control of shock waves and micro-jets in cavita-
tion have been explored by several researchers. In the case of the micro-
abrasive particles, most studies have analyzed particle velocities by
inversion of the mass loss of the machined workpiece, however, in this
study, the velocity of the micro-abrasive particle is directly modeled,
providing insights for selecting ultrasonic parameters and micro-
abrasive parameters in ultrasonic processing, reducing the cost of tri-
als and errors. By controlling the changes of ultrasonic and abrasive
parameters, numerical simulation analysis was carried out and
following conclusions were obtained.

(1) The cavitation effect and the synergistic effect of micro-abrasives
are mainly reflected in the fact that the shock wave promotes the
formation of the micro-jet, the shock wave and the micro-jet give
the micro-abrasive particle initial velocity, and the micro-
abrasive particle that obtains a certain velocity in the actual
machining must be able to promote the change of the surface
shape of the workpiece. The synergistic effect of the three is far
better than the effect of one or two alone. Based on the theoretical
basis of shock waves and micro-jets in cavitation bubbles and
cavitation effects, the continuous governing equations of shock
wave, micro-jet and micro-abrasive particle affected by the
dimensionless amount of collapse of cavitation bubble are
established. Analysis results show that the ultrasonic frequency of
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Fig. 5. (a) and (b) Particle size-velocity simulation results of the micro-abrasive particle induced by the force of shock wave and micro-jet, respectively. (c) and (d)
Particle size-pressure simulation results of the micro-abrasive particle induced by the force of shock wave and micro-jet, respectively.

20 kHz and ultrasonic sound pressure of 0.1125 MPa can produce
the largest dimensionless amount, R/Ry = 3.676, of cavitation
collapse.

(2) When the maximum dimensionless amount (R/Rg = 3.676) is
reached, the velocity and pressure of the shock wave and the
micro-jet can both reach the maximum. Compared with the initial
simulation condition when R/Ry = 1.81, the shock wave velocity
increased by 642 m/s and the pressure increased by 1244 MPa.
The velocity and pressure of the micro-jet increased by more than
four times. That is, larger dimensionless amount, implies greater
shock wave, micro-jet velocity and pressure generated by the
cavitation effect.

(3) The particle size-velocity—pressure model of micro-abrasive par-
ticle was established, and particle size was found to have a sig-
nificant effect on velocity and pressure. Selecting 5-50 pm micro-
abrasive particles with sizes of 5-50 pm, the velocity range was
19.03-209.4 m/s, and the pressure range was 5.028-89.41 MPa.
The maximum velocity and pressure of the micro-abrasive par-
ticle, whether induced by shock wave force or micro-jet force,
were obtained at 5 pm. In the size range of 5-50 pm, smaller
particle size of the micro-abrasive particles, implies that greater
velocity and pressure can be obtained.
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