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Ultrasonic technology is widely applied in the engineering ceramic polishing processes without the limitation of
material properties and ideally integrated into computer numerical control system. Ultrasonic-induced cavitation
and mechanical vibration effect could accelerate the motion of solid abrasives. The individual behaviors of
microjet/shockwave of ultrasonic cavitation in gases and liquids, and micro-abrasives with simple harmonic
vibrations in solids and liquids has been extensively studied. To conduct a systematic and integrated study of
abrasives behavior in the polishing contact region involving abrasive, surround-workpiece wall, ultrasonic
physical vibration, and ultrasonic cavitation impact, a novel model integrating the free abrasive motion velocity
and fixed abrasive indentation depth under multi-scale contact was proposed according to Hertzian contact
theory, Greenwood-Williamson model, indentation deformation theory, the basic equations of cavitation bubble
dynamics, cavitation impact control equations, and Newton’s law of motion equation. The effects of ultrasonic
amplitude, ultrasonic frequency, preloading force and particle size on the proposed model were investigated by
theoretical analysis and numerical simulations. Ultrasonic physical vibration mainly influences the dynamic gap
and further influence the number of different abrasives. Furthermore, the indentation depth of fixed abrasive
depends mainly on the abrasive geometry. As the contact gap and abrasive size decrease, the indentation depth
gradually decreases. Under the synergistic effect of cavitation-induced shock wave and microjet, the velocity of
free abrasive in this paper is generally 0-150 m/s, and the kinetic energy of free abrasive increases roughly
linearly with increasing frequency and approximately as a quadratic function with increasing particle size.
Increasing the preloading force leads to a reduction in the abrasive kinetic energy. Besides, the kinetic energy
induced by the shock wave has a cliff-like increment at an amplitude of 0.7-0.8 pm. It is revealed that the
abrasive kinetic energy is suppressed by the cavitation bubble expansion and collapse at smaller ultrasonic
pressure amplitude and surround-wall distance. This research provides a theoretical reference for the modeling
of potential defects and material removal on the workpiece surface caused by abrasive motion during polishing,
and reduces the trial cost for parameter optimization in actual polishing processing.

1. Introduction of high hardness and low fracture toughness of these types of materials

as well as the industrial challenge of increasing productivity, ultrasonic

Polishing has been renowned as an advanced precision process
where slow work yields delicate products. It is widely used in the fin-
ishing processing of engineering ceramics, multifunctional crystals,
optical glasses, semiconductor wafers, ceramic matrix composites, and
other difficult to machine materials. However, due to the characteristics
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vibration technology is applied to the polishing processes as it is not
limited by material properties and is ideally integrated into computer
numerical control systems [1]. Ultrasonic, a kind of super-high fre-
quency vibration, propagates in the medium and produces ultrasonic
effects, including cavitation effect, acoustic flow and mechanical
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vibration [2]. These effects can accelerate the motion of solid abrasives
to achieve greater mechanical removal. In the past few decades, exten-
sive experimental and theoretical research has been developed on the
individual behaviors of microjet/shockwave of ultrasonic cavitation in
gas and liquid, and micro-abrasives with simple harmonic vibrations in
solids and liquids, however, there is a lack of integrated investigation of
the synergistic effects of ultrasonic cavitation and mechanical periodic
vibrations on solid abrasives in polishing systems where gas, liquid and
solids come together.

Yu et al., [3] compared the differences between conventional me-
chanical polishing and ultrasonic vibration-assisted polishing for single
crystal silicon processing. They reported that ultrasonic vibration can
effectively improve the material removal rate and quickly achieve a
superior surface quality. It may be because the ultrasonic action caused
an increase in the contact area of abrasives, thus enabling a significant
increase in the polished volume. Yang et al., [4] applied ultrasonic vi-
bration assisted electro-chemical mechanical polishing to achieve sub-
nanometer roughness of single-crystal silicon carbide. They found that
ultrasonic vibration improved the anodic oxidation rate and increased
the material removal rate to approximately 4.5 times that of electro-
chemical mechanical polishing. Tsai et al., [5] developed an ultrasonic
vibration-assisted chemical mechanical polishing (UV-CMP) method to
investigate the effect of ultrasonic vibration on copper substrates pol-
ishing. It is indicated that UV-CMP has a 50 % increase in the material
removal rate relative to traditional chemical mechanical polishing.
Sihag et al., [6] deigned and fabricated an ultrasonic assisted magnetic
abrasive finishing system for finishing tungsten. They stated that ultra-
sonic vibrations could increase the interaction of abrasive particle cut-
ting edges with the surface wave crest. Srivastava and Pandey [7,8]
applied the longitudinal ultrasonic vibrations into the double-disc
chemical assisted magnetorheological finishing of silicon wafers. They
concluded that ultrasonic power has a more significant effect on mate-
rial removal that other factors such as polishing speed and abrasive
concentration. Xu et al., [9] used ultrasonic flexural vibration to assist
chemical mechanical polishing of sapphire. They indicated that the
contact path length, the contact force, and the impaction between the
silica particles and the sapphire surface can be increased with the aid of
ultrasound from the kinematics and dynamics point of view. Deng et al.,
[10] also proved that the same technique as Xu et al., [9] is feasible to
improve the machining quality of sapphire. Choopani et al [11] pro-
posed an ultrasonic assisted-rotational magnetorheological abrasive
flow finishing process for the aluminum 2024 tubes. Result showed that
the percentage improvements in surface roughness and material
removal were 94.57 % and 0.0514 % with ultrasonic and 87.4 % and
0.0281 % without ultrasonic. Baghel et al., [12] presented an ultrasonic
vibration-assisted magnetorheological finishing (VAMRF) process on
the glass optics. Result showed that hybrid VAMRF provided approxi-
mately 20 % higher material removal rate as compared to that of con-
ventional magnetorheological finishing. The investigations of the above
scholars have well demonstrated that the improvement of ultrasonic
vibration in solids and liquids two-phase flow for physical scratching of
abrasives largely stems from the periodic simple harmonic vibration
presented by polishing tools in the region of 2 times of ultrasonic
amplitude.

In addition, numerous studies revealed that the overall erosion can
be enhanced when abrasives are employed in the cavitation flow of gas
and liquid. Considerable work [13-24] has been carried out to obtain an
understanding of the complicated interactions between cavitation and
abrasives and the synergistic effects on erosion. Tan and Yeo [20,21]
showed that ultrasonic cavitation abrasive finishing can remove the
finest fractional melted powders on the surface of additive manufac-
tured components, and further reduce the final Ra to 3.5-3.8 pm, with
side surface roughness improvement of up to 45 %. Kumar et al., [22]
used ultrasonic cavitation accelerated alumina abrasives to investigate
the micro-deburring process and mechanism of micro-milled difficult-to-
machine materials. The results show that for soft materials such as
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aluminum 6061 and copper, the burr was reduced by 92 % in a very
short time of ten seconds, and for titanium alloy and bearing steel, the
burr was reduced by three to six minutes without damaging the part or
causing any deterioration in dimensional accuracy. 10 s of micro-
deburring resulted in a reduction in channel surface roughness from
8.97 nm to 6.63 nm and a 26 % increase in surface finish. Peng et al.,
[23] conducted ultrasonic cavitation micro-abrasive erosion of reservoir
rocks in distilled water incorporating silicon dioxide micro-abrasives
with an average diameter of 0.5 pm and a mass concentration of 1-7
wt%. They pointed out that the addition of silicon dioxide micro-
abrasives resulted in increased mass removal of 81.41 % for sand-
stone, 557.38 % for shale, and 188.16 % for granite. Farbod and Pour-
abbas [24] investigated the effect of ultrasonic wave at the interface
between water and silica nanoparticles on the erosion, abrasion and
wear of polymethyl methacrylate surfaces. They stated that such nano-
particles not only exacerbate erosion but also act as abrasive particles in
a manner similar to the abrasive jet processing technique. In addition,
surface embedding of nanoparticles was also observed, which can be
seen as a new method for surface decoration and property modification.
Ge et al., [25] proposed an ultrasonic coupled abrasive jet polishing
method for glass-based micro-channel and indicated that ultrasonic
could obviously increase the turbulent kinetic energy and impact
erosion to improve the jet stability and polishing efficiency. Liu et al.,
[26] proposed the electrorheological (ER) fluid-assisted ultrasonic
polishing method to improve surface finish of metal additive
manufacturing parts. Result showed that the average surface roughness
is reduced from 5.6 pm to 2.74 pm after 20 min polishing. The material
removal in the polishing process is mainly based on the cavitation
impact and the abrasive grinding action. Laguna-Camacho et al., [18]
performed ultrasonic cavitation erosion experiments with and without
silicon carbide abrasives particles of the same size on pure aluminum
and steel 1045. The findings indicated that abrasive particles can be
observed to move along both surfaces and stay in the gap, thus causing
higher wear damage to both surfaces. The wear mechanism was iden-
tified using optical microscopy and was characterized by a pitting action
with the use of deionized water only, while scratches and irregular in-
dentations could be observed on the surfaces cavitated in deionized
water with abrasive particles. Chen et al., [13] compared the erosion of
metal specimens by adding spherical and irregular micro-abrasives into
deionized water. The findings showed that water containing micro-
abrasives had a greater erosive action.

Based on the above literature survey, a systematic and integrated
study of abrasive behavior in the polishing contact region involving
abrasive, surround-workpiece wall, ultrasonic physical vibration, and
ultrasonic cavitation impact is unprecedented. This paper proposes a
model integrating the free abrasive motion velocity and fixed abrasive
embedding depth under multi-scale contact. Hertzian contact theory
and Greenwood-Williamson (GW) model with probability density are
used to describe the asperity and micropore of contact between polish-
ing pad and workpiece, and further determine the movement mode of
abrasives in the polishing slurry; Indentation deformation theory and
Hertzian contact large deformation theory are used to calculate the
indentation depth of fixed abrasive; The basic equations of cavitation
bubble dynamics, cavitation impact control equations, and Newton’s
law of motion equation of abrasive particle are used to calculate the
motion velocity and kinetic energy of free abrasive. The effects of
dominant ultrasonic factors and processing parameters on the proposed
model are investigated by theoretical analysis and numerical simulation.
This provides a theoretical reference for the modeling of potential de-
fects and material removal on the workpiece surface caused by abrasive
motion during polishing, and reduces the trial cost for parameter opti-
mization in actual polishing processing.

2. Theory and methodology

A two-dimensional schematic of actual experimental ultrasonic
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polishing (UP) system is shown in Fig. 1, which consisted mainly of a
slurry unit, a polishing tool unit coupled with ultrasonic vibration and a
workpiece unit fixed to the workbench. The used workpiece is SiC
ceramic with some difficult-to-machine properties of hard and brittle. To
mitigate potential defects such as scratches on polished surfaces, a
polyurethane pad is used as the polishing tool owing to its softness and
porosity improving the three-body abrasion ratio of abrasives and
minimizing damage to the workpiece. The slurry unit provides a great
deal of super-hard abrasives for interaction between the workpiece and
the polishing pad, as shown in Fig. 1(B). The small size abrasives show
two main contact states in the contact area, namely the fixed state and
the free state. Besides, as the main feature of this polishing technology,
ultrasonic electro-spindle provides axial ultrasonic vibration for the
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polishing tool and ultrasonic cavitation effect for the polishing slurry. In
order to explore the contact and kinetic geometry of abrasive particles,
multi-scale contact models of workpiece, polishing pad, abrasives and
polishing slurry are established.

2.1. Contact model between workpiece and pad

The adopted polishing tool base is made of red corundum, so that the
polyurethane pad can be regarded as an elastomer compared to red
corundum and silicon carbide, which means the tool base and the
workpiece can be regarded as rigid bodies. When the cylindrical pol-
ishing pad is pressed on the workpiece surface, the produced elastic
deformation of polishing pad during contact is much larger than that of
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A bbb
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Red corundum matrix

Soft polyurethane pad

Fixed abrasive
Slurries

Free abrasive CE)
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Fig. 1. Two-dimensional schematic (A) and actual experimental setup (C) of ultrasonic polishing system; contact states (B) of fixed and free abrasive particles
between soft polishing pad and hard workpiece; microscopic morphology (D) of polishing pad; the surface profile (E) of the as-received workpiece and polishing pad.
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the workpiece materials [27]. At the millimeter scale, the size of abra-
sive particles and the down load from the polishing fluid flow on the
workpiece surface are negligibly small, so the contact between the
polishing pad and the workpiece can be simplified to a Hertzian contact
between a thin elastic cylindrical bottom surface and a semi-infinite
rigid plane [28]. The compression depth of polishing pad is defined as
the ideal distance that the pad would penetrate the workpiece if the
workpiece plane was not rigid. In accordance with the Hertzian contact
theory, the maximum compression depth without ultrasonic vibration
can be expressed as

_RL
" 7RE,

@

where, L and R, are the thickness and radius of polishing pad respec-
tively; E, is the Young’s modulus of polishing pad; and 6, is the static
compression depth of polishing pad when the preloading force is Fy.
Further, as the ultrasonic vibration amplitude belongs to the micron
level, the ultrasonic vibration-induced position change of polishing pad
is temporarily excluded from the influence of its elastic deformation,
and the dynamic compression depth §,(t) of polishing pad can be

A

i Ultrasbnigl vibration
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calculated as:

_ FL
ﬂRng

5,(1) + Asin(2zft + @) @

where, A, f and ¢g are the ultrasonic amplitude, frequency, and initial
phase, respectively. t is the time. The suffix (¢) in the latter context all
denotes the dynamic variation value with t under the ultrasound action.
Substituting the Eq. (2) into Eq. (1), the dynamic polishing force F4(t)
under ultrasonic vibration can be computed as:

Fd(l‘) =Fy+ L

3

2.2. Contact model between workpiece and asperities

At the micrometer scale, Fig. 1(D) exhibits that the surface of pol-
ishing pad consists of dense micro-pores and asperities, thus the actual
contact surface between the pad and the workpiece is tiny asperities
surface on the non-porous areas, as shown in Fig. 1(E). The surface
roughness value of original polishing pad and workpiece are 53.6 pm
and 485 nm, respectively. Compared to the roughness and local profile

- YN

¥ ¥

A J A

S A V2
\_/

Y Y
o
Polishing pad O
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\ ’ \ P
{\Q_/ N 2
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Micro-jet

|

Fig. 2. Contact geometry (A) between soft polishing pad and hard workpiece according to Greenwood-Williamson model; contact geometry (B) and force analysis
(D) of single fixed abrasive particle between soft polishing pad and hard workpiece, the forces acting on the single fixed abrasive particle includes the contact force
F,y.q from the workpiece and the elastic contact force F,., from the pad; kinetic geometry (C) and force analysis (E) of single free abrasive particle in the polishing
slurry under ultrasonic cavitation, the forces acting on the single free abrasive particle includes cavitation force (F.), pressure drag (Fy), viscosity resistance (F,),

virtual mass force (Fy), gravity (Fg) and buoyancy (Fp).
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of both, the workpiece surface can be simplified to a relatively smooth
surface, while the surface profile of the polishing pad is to be considered
realistically. Fig. 2(A) shows the contact geometry between soft pol-
ishing pad and hard workpiece. Greenwood-Williamson (GW) [29]
proposed a mathematical model to describe the contact of a rough sur-
face, which is widely used to solve the contact problem in polished
areas. In the GW model, all asperities on the polishing pad are simplified
as spheres with the same radius of curvature Ry, The height of the as-
perities follows the normal distribution according to the research [30],

| 12,
9(z) = (27:R2> e “4)

qp

where, z is the height coordinate of an asperity, and z = 0 represents the
average height of polishing pad’s profile. Ry, is the root mean square of
the height distribution.

The elastic deformation of asperities occurs on the workpiece surface
when the pad is compressed. Using the Hertzian contact theory, the force
of single asperity Fpq(t) can be described as:

4
E, RY28,(1) 5)

Fpa(t) = 3

where, Ry, is the radius of an asperity, d,(t) is the dynamic penetration
depth of an asperity, which can be expressed according to the height z of
the asperity and a dynamic average distance hy(t) between the average
height of polishing pad’s profile and that of workpiece.

8u(t) = —z—ho(t) (6)

Epy denotes the equivalent elastic modulus of the polishing pad and
the workpiece, expressed as:

—1
1-12 112

Ey=|—72%+—2 @)

’ <EP E,

where, E,, is the Young’s modulus of the workpiece, v, and v,, are the
Poisson ratio of the polishing pad and workpiece, respectively.

The total number N, of asperities that come into contact with the
workpiece is expressed as:

—ho(1)
Nye = Npg / @(z)dz 8)

]Vpa = ﬂR;/)ia (9)

where, Ny, defines the total number of asperities on the nominal area of
polishing pad, which can be expressed as the product of the nominal
area of polishing pad and the linear density p,, of asperities.

Integrating Eqs. (3)-(9) based on the fact that dynamic polishing
force is mainly undertaken by all asperities of polishing area to obtain
Eq. (10) for solving the dynamic average gap hy(t) under the specified
polishing force.

ﬂR;E,,Asin(Zﬂﬁ + @)

Fo+ i3

(10)

2

12 )
4 1 0 %) 3/2
EE,;WR},{, 2 P TR e (—z —hy(1)) dz

ap ©

2.3. Interaction model of fixed abrasive between workpiece and pad

At the nanometer scale, it becomes important to investigate the
interaction between the abrasive, the asperities, the workpiece and the
polishing slurry. Abrasives exhibit two contact states depending on the
contact gap between the asperities and the workpiece. When an axial
ultrasonic vibration is applied to the polishing tool, the penetration
depth of the fixed abrasives into the workpiece will directly determine
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the progress of material removal. In order to simplify the model, the
modelling process can be assumed that the abrasive is spherical rigid
body and does not undergo any deformation, ignoring the interaction
between the abrasives, and considering only the case where the pol-
ishing tool is subjected to ultrasonic vibration. Fig. 2(B, D) illustrates the
contact geometry and force analysis of single fixed abrasive particle
between soft polishing pad and hard workpiece.

Considering that the pad does not rotate, the fixed abrasive is

embedded between the asperity of polishing pad and the workpiece
when the contact gap h, is very small. Due to the soft behavior of the pad,
the fixed abrasive is embedded into the pad at a significant distance,
which represents a big elastic deformation issue. According to its rele-
vant theory [31,32], the elastic contact force F,., acting on single fixed
particle from the pad is expressed as,
Fpo= %EHFR;/Z@F(N” +5R205,, (1) (an
where, Eg, denotes the equivalent elastic modulus of the polishing pad
and the abrasive, R, is the abrasive radius, 6qy(t) is the compression
depth of abrasive into the pad.

Considering the high hardness properties of the workpiece, the
indentation depth of abrasive into the workpiece is much smaller than
the abrasive diameter, which represents a dynamic indentation defor-
mation issue [33]. According to the wear mechanics, the indentation
depth 6qu(t) and the contact force F,, 4 acting on single fixed particle
from the workpiece can be expressed respectively as,

Fo o = HyAgy = Hy 7y, (1) 12)
aaW(t) = \/(Dn - ﬁuw'(t))"saw(t) = \/Da'(saw(t) 13)
he = Dy — 84y (1) — 84 (1) 14

where, H,, is the hardness of the workpiece, D, is the abrasive size. ag,(t)
is the radius of the contact zone between a single abrasive and work-
piece. Further, according to the force balance of the fixed abrasive, the
indentation depth of abrasive into the workpiece can be calculated by
solving Eq. (15).

4

~E,,RY*(D,

A _ hc)43/20 _

- 5aw(t) - hr)3/2 + SR;NZU (Da - 5aw(t) (15)

Hw”Da 'Snw (t)

2.4. Interaction model of free abrasive in polishing slurry

At the nanometer scale, another key consideration is the motion state
of free abrasive induced by the ultrasonic cavitation effect of polishing
slurry in the micro-pores area of polishing pad, as shown in Fig. 2(C).
Since the maximum micro-pore depth belongs to the micron scale, ul-
trasonic wave will interfere with the workpiece, which is a typical
surround-wall ultrasonic cavitation issue. Considering the effects of the
weak compressibility, viscosity and surface tension of polishing slurry
and the rigid workpiece wall on the bubbles, the cavitation bubble dy-
namics model is modified on the typical Rayleigh-Plesset model and can
be expressed as,

20 4uR 20 4,uR

Pa,,,:Pwﬁ-?"rT:PSSln(Zﬂ'fl)-i-Po +F+T (16)
26 R —17
Py =P, +P, =P, + (kPy — P, + =) (-2—+ 1
n = Pok P =Pyt (kPo = Pt )G —0) an
L3 1 d(R*R) Py —P,: R d(P,— Psin(2aft))
RR Z(R 2 - —_in oul N g 5 3 1
Rty T 0. pe dt (18)

where, Ry, R, R and R are the initial and actual radii of cavitation bubble
and its corresponding first-order and second-order derivatives with
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respect to time t, [ is the vertical distance between the sphere center of
cavitation bubble and the wall, P, and P, are the saturated vapor pres-
sure and instantaneous partial pressure inside the bubble, respectively,
P, and Pj are the environment pressures and static partial ambient
pressure. ¢ and p are the surface tension coefficient and viscosity coef-
ficient of the slurry, y and k are the polytropic exponent and variation
coefficient of gas. h; is the van der waals radius of cavitation bubble. v is
the pad rotational velocity.

When the high intensity ultrasonic vibration at the bottom of pol-
ishing pad is transmitted to the polishing fluid medium mixed with
bubbles and abrasives, it will drive the polishing fluid to produce cavi-
tation effect, thus the ultrasonic sound pressure amplitude of polishing
slurry propagated from the polishing pad can be expressed as,

2P,pc,  ATfAp,Cop C

- a9
PsCs T PpCp  PsCs +P,Cp

where, p and c are the density and sound velocity respectively, and the
subscripts of s and p represent the polishing slurry and the pad tool
respectively. A and f are the ultrasonic amplitude and frequency,
respectively. P, is the ultrasonic sound pressure amplitude of polishing
pad tool.

Substituting the Egs. (16)-(17) and (19) into Eq. (18), the variation
trend of cavitation bubbles in the ultrasonic sound field can be solved in
MATLAB software. As is well-known, cavitation bubbles form, grow,
implode and finally collapse to produce the cavitation effect impact in
the polishing slurry under the action of ultrasonic waves.

However, the presence of abrasives into the cavitating slurry alters
the damage rate of the workpiece, which is frequently attributed to the
synergistic effect of cavitation and solid abrasive collisions [44,45]. In
order to reveal the systematic mechanism, an interaction model between
the impact kinetic energy of free abrasive and the impact of the cavi-
tation effect will be established in this paper. In the vertical direction,
according to Newton’s second law of motion [46], the following rela-
tionship exists between the combined force on the abrasive and the
corresponding acceleration in the force direction, as shown in Fig. 2(E).
1

g TPudve = > F (20

where, F; represents the longitudinal component force, including the
cavitation force (F.), pressure drag (Fy), viscosity resistance (F,), virtual
mass force (Fn), gravity (Fg) and buoyancy (F). pq and d, are the density
and size of abrasive, respectively, as well as the subscript a represents
the abrasive.

F.=PS 21)

F, = 3nud,v, (22)

Fy = Cpy2S)2 (23)

F,=pgVa 249

F, =m,g (25)

Fu= —Vip.ba 26)
2

where, P, is the cavitation effect impact pressure, S is the force area of
abrasive, v, and v, are the abrasive particle velocity and its first-order
derivative with respect to time t. V, and m, are the volume and mass
of abrasive, respectively. g is the gravitational acceleration. C is the
resistance coefficient.

Due to the influence of abrasives in the polishing slurry and the
workpiece wall, cavitation effects in the form of microjet and shock
wave [47] will be generated and act on the surface of abrasive particle
during the collapse of bubbles to give it a certain amount of impact
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kinetic energy. Therefore, the cavitation effect impact pressure P, was
considered into two types, namely, the shock wave pressure (Ps) and
microjet pressure (P;}). The bubble collapse process proceeds very
quickly [48], and can be completed in a few hundred nanoseconds in
general, therefore it is defined as no significant heat exchange between
the bubble and the surrounding polishing slurry. The motion velocity of
cavitation bubble wall during the collapse of bubble was obtained ac-
cording to the conservation of energy with respect to the interaction of
the cavitation bubble and the polishing slurry.

2 2P Ro\30-)  Roys
20 R() 3 RU Z(Poc 7P,,) Ro 3 1 ( )
Gy - -2 G -

Brujan et al., [49-51] utilized high-speed photography to capture the
shock wave front formed after bubble rupture and further extracted its
propagation velocity. And its relationship with the motion velocity of
the cavitation bubble wall was summarized, which can be expressed as

R+k
vy = kzlg(T]) + ¢ (28)
1

Associating Egs. (27) and (28) to obtain the velocity of shock wave
and further calculate the pressure of shock wave according to the
literature [52].

Py =kip (107 — 1)+ Py (29)

Where, k;j and k; are the experimental fit coefficients, v; is the velocity of
shock wave.

Asymmetric collapse occurs when a bubble is subjected to an uneven
pressure, the microjet can be generated and oriented towards the
abrasive particle surface [53]. Plesset and Chapmann [54] proposed a
well-known theory to determine the microjet velocity, expressed as

H, |Py—P,
= 8.97(—
v; =89 (Ro) m

(30)

The microjet is impeded by the abrasive and will simultaneously
stress and damage the abrasive. Diamond abrasive is generally hard and
can be approximated as rigid bodies, therefore the deformation and
wear of abrasive is ignored in this paper. The microjet pressure can be
expressed as according to the water hammer pressure from the literature
[53,55].

PsC€sPqCa
P. _Fs 31
=V D+ puca (€3]

where, H is the distance between the center of the bubble and the wall.
Substituting Eqs. (21-31) into Eq. (20), the abrasive particle velocity can
be solved and further calculate the kinetic energy of free abrasive par-
ticle. Table 1 lists the used relevant model conditions with reference to
previous literature [34-43].

3. Results and discussion
3.1. Displacement characteristics of fixed abrasive in UP

The force curves on the polishing tool with time under the action of
ultrasonic vibration with different ultrasonic parameters is shown in
Fig. 3 (A, B). The force on the polishing tool follows the ultrasonic vi-
bration to show a periodic variation behavior, with the mean value of
the fluctuation and the preloading force in agreement. With the increase
of ultrasonic amplitude, the amplitude of force fluctuation increases.
With the increase of ultrasonic frequency, the amplitude of force fluc-
tuation remains the constant, while the period of force fluctuation be-
comes shorter. Fig. 3 (C) shows the effect of preloading force on the
average gap using polishing pads of different surface roughness Ry,
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Table 1 physical effect of ultrasonic vibration, the gap also exhibits a dynamic
The used relevant model conditions [34-43]. variation regulation, as shown in Fig. 3 (D). It can be found that when a
preloading force of 5 N is applied, the average gap without ultrasonic
vibration is equal to 2.868 pm. The dynamic gap fluctuates between the
maximum gap value of 3.021 pm and the minimum gap value of 2.718

Conditions Parameters

Cavitation model Py =0.1013 Mpa; P, = 2330 Pa; y = 0.001 Pa s; 0 = 0.0725 N/m;
y =4/3; k = 1; h; = Ry/8.54; k; = 5190 m/s; ky = 25306 m/s; C

— 200 pm under the ultrasonic vibration with an amplitude of 1.5 pm and a

Initial bubble Ry = 5-25 pm frequency of 20 kHz. Meanwhile, the maximum profile peak height of

radius the positive direction of dynamic gap is larger than the maximum profile

Ultrasonic f=20-60 kitz; A = 0.6-1.5 im; g = 0 valley depth of the negative direction of dynamic gap, which may be
Workpiece (SIC)  p,, = 3120 kg/m?; c,, = 5482 m/s; H,, = 2840 kg/mm> E,, = 410 €y dep gative ot dy 8ap, Y

Mpa; vy — 0.16 attributed to the compressive properties of the elastomer material.

Pad (PU) pp =490 kg/m>; ¢, = 1900 m/s; E, = 2.29 Mpa; 1, = 0.47; R, = 5 Further, Fig. 3 (E) shows the effect of contact gap on the indentation

mm; L = 3 mm; g = 13.5 mm™; Ry = 13.13-53.6 pm; Ryq = depth of a single fixed abrasive particle using different abrasive size

) 37 pm 3 values. The solidified abrasive is constricted between the polishing pad

Abrasive pa = 3520 kg/m”; ¢, = 36000 m/s; E; = 1000 Gpa; v4 = 0.07 . N . .

(Diamond) and the workpiece as a whole, there is no relationship between the
Polishing slurry ps = 1200 kg/m?; ¢; = 1500 m/s indentation depth and the preloading force, thus the application of ul-
Abrasive size d, = 5-25 pm trasonic vibration does not change the indentation depth of the sand-
Preloading force  Fo =5-25N wiched abrasive owing to the identical contact gap at a specified

position. Furthermore, the indentation depth of fixed abrasive depends
mainly on the abrasive geometry, which is related to the abrasive size
and contact gap, and exists only within twice the contact gap of the
abrasive size. As the contact gap increases and the abrasive size de-
creases, the indentation depth of the fixed abrasive gradually decreases.

value. When the roughness Ry, value is determined, the average gap
decreases with increasing preloading force. In addition, the average gap
becomes larger with increasing Ry, value for a certain preloading force,
and the average gap varies significantly with the preloading force using
a rough pad with a larger roughness Ry, value. Considering the dynamic
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3 z
g 8
3 S
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Fig. 3. The force curves on the polishing tool with time under the action of ultrasonic vibration with different ultrasonic amplitude (A) and ultrasonic frequency (B);
(C) effect of preloading force on the average gap using polishing pads of different surface roughness Ry, value; (D) the dynamic gap curve with time for an ultrasonic
cycle with a preloading force of 5 N, an ultrasonic amplitude of 1.5 pm, and a frequency of 20 kHz; (E) effect of contact gap on the indentation depth of single fixed
abrasive particle using different abrasive size values.
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3.2. Bubble characteristics in UP

Relative radius (RR), defined as the ratio of bubble radius after
cavitation for a specific time to the initial bubble radius, was used to
indicate the cavitation oscillation process quantitatively. Fig. 4 shows
the relative radius curves of cavitation bubble with time oscillated at
different conditions parameters. Under the action of ultrasonic waves,
cavitation bubbles with various dimensions emerge in the polishing
solution, and these cavitation bubbles exhibit the similar acoustic
regulation, displaying a non-linear vibration with periodicity. Influ-
enced by the driving acoustic pressure, the cavitation bubble experi-
enced growth and expansion to the maximum radius before starting to
compress and then entering the collapse stage. Fig. 4(A) indicates that as
the initial cavitation bubble radius increases, the oscillation period in-
creases slightly and is relatively similar, whereas the maximum RR value
first drops rapidly and then stabilizes. Fig. 4(B) demonstrates that a
smaller ultrasonic amplitude makes a smaller maximum RR value and a
smaller oscillation period, indicating a smaller bubble cavitation effect.
Moreover, when the ultrasonic amplitude is 0.6 pm or 0.7 pm, the
generated ultrasonic sound pressure amplitude is 92.53 kPa and 107.95
kPa, similar to the cavitation threshold P, of 104.31 kPa calculated

A
16
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C Time (us)
28
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according to Eq. (32), which is the main reason for the depressed cavi-
tation effect.
2V3

Pct:Pﬂfpv'i’T(

(20/R0)3 1/2

Y 32
Py — P, +26/R, 32)

According to Eq. (19), it can be found that the ultrasonic sound
pressure amplitude is also influenced by the ultrasonic frequency, as
shown in Fig. 4(C). When the frequency varies from 20 kHz to 60 kHz,
the ultrasonic sound pressure amplitude also increases, and the
maximum value of relative radius first increases and then stabilizes,
indicating that a greater ultrasonic sound pressure amplitude helps to
enhance the cavitation effect when it is controlled within a certain limit,
while the cavitation effect will no longer be enhanced when its value
exceeds this limit. Meanwhile, as the frequency increases, the oscillation
period is significantly shortened, which can also be clearly seen in Fig. 4
(D). It can also be found that when the frequency increases at a specific
ultrasonic sound pressure amplitude, the relative radius maximum de-
creases, i.e., the cavitation effect is instead weakened. This is because
the negative pressure stage is shortened at high frequency, causing the
cavitation bubble to not fully complete the growth and expansion pro-
cess, meaning that the radius becomes smaller, the collapse process is

B
35
—0.6 pm
= = 0.7 um
28_--'0.8}11‘11 '/"\‘
=+ =1.0pum A \
s 21f =---15pum N 5
5 : ‘.
141 PEERRN |
Sy \ .
‘. !
T P -
L .o
(o= o toisilbsgindsotrmt
0 10 20 30 40 50 60 70 80
D Time (ps)
16
——20kHz
- = 30kHz
12} + - - 40kHz
=+ =50kHz
go 3l - A}
] ]
i/ - ,/I| 3
[ 5 8A A
4 N "...' |.' b !
I S ] toel ).
/'!‘.l ! iy g N
. SHFL e .
0 40 50 80
Time (ps)

Fig. 4. The RR curves of cavitation bubble with time oscillated at different conditions parameters: (A) initial cavitation bubble radius, (B) ultrasonic amplitude, (C)
ultrasonic frequency at variable ultrasonic sound pressure amplitude, (D) ultrasonic frequency at a specific ultrasonic sound pressure amplitude, (E) preloading force.
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reduced, and the cavitation strength is decremented [56]. Integrating
the results of Fig. 4(C, D), the ultrasonic amplitude and frequency are
controlled at 1.5 pm and 30 kHz can achieve the optimal bubble oscil-
lation results in ultrasonic processing. Fig. 4(E) shows that the
increasing preloading force only slightly decreases the maximum RR
value, indicating that the bubble cavitation effect is attenuated in the
appropriate range near the workpiece wall.

3.3. Impact characteristics of free abrasive in UP

In the auxiliary processing of ultrasonic free abrasives, the regular
oscillation of the bubbles is the dominant contributor to the abrasive
impact. It is defined the cavitation effect in the form of microjet and
shockwave generated when the rupture of the bubble occurs. It is seen in
Fig. 4 that the bubble basically ruptures at the relative radius of 0.1-0.3,
and the bubble basically produces stronger microjets at the relative
radius of 1-2 through the literature [57-59]. Fig. 5 gives the effect of
relative radius on the different simulation target results for the corre-
sponding relative radius range. As the relative radius increases from 1 to
2, the microjet velocity increases in the range of approximately
130.3-521.2 m/s, the microjet pressure increases in the range of
approximately 231.3-925 MPa, and the impact kinetic energy generated
by the microjet induced abrasive is also increased from 0.222 nJ to
0.888 nJ, as shown in Fig. 5(A, C). The similar bubble break-up veloc-
ities are obtained by Eq. (27), about 92.91-518.23 m/s. In addition,
Fig. 5(B, D) also shows the pressure and velocity generated by the shock
wave in the range of 1583-1890 MPa and 1695-2546 m/s, respectively.
Also, the impact kinetic energy of the shock wave-induced abrasive
varies from 0.217 nJ to 2.477 nJ. All four of them show negative cor-
relation with relative radius, and their variation rates are larger at a
smaller relative radius. Compared with the data of previous researches
[50,60-63], they used ultrasound, laser or tensile stress wave to
generate bubbles to drive the abrasive particle with a radius of 5-50 pm
for velocity and kinetic energy tests, and the velocity of abrasives was
basically in the range of 20-200 m/s. According to the kinetic energy-
velocity transformation, the velocity of abrasives in this paper is basi-
cally in the range of 0-150 m/s, which is generally consistent with the
previous research results and verifies the validity of the proposed model

A
700 - — 11
Velocity of microjet

= = Pressure of microjet
A

w =)

(=3 (=3

o o
T

Velocity (m/s)
Pressure (Pa)

10
= — Ek of abrasive from microjet
-2
S s}
g
g
&
o 6
o=
@
2
w4t
o e
™ >
m
2 ol 1 1 L L
1.0 1.2 1.4 1.6 1.8 2.0
R/Ry

Ultrasonics Sonochemistry 101 (2023) 106713

in this paper.

Fig. 6 shows the effect of ultrasonic amplitude, ultrasonic frequency,
particle size, and preloading force on the kinetic energy of single free
abrasive particle from the microjet and the shock wave. Firstly, based on
the consideration of the impact kinetic energy of abrasive, whether it is
shock wave-induced or microjet-induced, ultrasonic amplitude, ultra-
sonic frequency and abrasive size all contribute positively to the change
of the generated impact kinetic energy. The kinetic energy of the abra-
sive tends to increase roughly linearly with increasing frequency and
approximately as a quadratic function with increasing particle size. It is
noteworthy that the kinetic energy of the abrasive induced by the shock
wave has a cliff-like increment at an amplitude of 0.7-0.8 pm, which is
largely ascribed that the ultrasonic sound pressure amplitude generated
at a small ultrasonic amplitude does not reach the criterion of cavitation
threshold, thus resulting in a weak shock wave. In addition, increasing
the preloading force leads to a reduction in the kinetic energy of free
abrasive, thereby making the bubble cavitation occur closer to the
surround-wall surface, which indicates that the surround-wall surface
attenuates the bubble cavitation effect in the proper boundary, further
resulting in a reduction in the impact kinetic energy of abrasive, fortu-
nately, the overall variation is relatively slight.

3.4. Abrasive amount characteristics in UP

The entire amount of damage and removal is the accumulation result
of a large amount of fixed abrasives scratching and free abrasives impact
on the workpiece surface. Fig. 7 shows the effect of preloading force and
ultrasonic vibration on the number of abrasive particles in the polishing
slurry. From Fig. 7(A), it can be seen that an increase in preloading force
leads to a power function growth in the percentage of fixed abrasives
and weakening of the percentage of free abrasives. from Fig. 7(B), the
fixed abrasives number shows a near-sinusoidal function curve with
time under ultrasonic vibration with an amplitude of 1.5 pm. However,
compared to the average amount of solidified abrasive without ultra-
sonic vibration, the fluctuation amplitude distance in the negative di-
rection is larger than that in the positive direction, which reveals the
reason why the increase rate of solidified abrasive number slows down
as the force becomes larger.
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Fig. 5. Effect of relative radius on the different simulation target results: (A) velocity and pressure of the microjet, (B) velocity and pressure of shock wave and the
velocity of bubble collapse, (C, D) kinetic energy (Ek) of single free abrasive particle from the microjet and the shock wave, respectively.
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4. Conclusions and future work

In this paper, the novel dynamic indentation depth model of fixed
abrasive and impact kinetic energy model of free abrasive were estab-
lished through mechanical and cavitation theoretical analysis for the
ultrasonic polishing of silicon carbide. Numerical simulations and
comparisons with previous research studies were conducted to verify the
validity of the established model. Some main conclusions and future
works are as follows:

1) Under the action of ultrasonic physical vibration, the amount of
different types of abrasives and the dynamic gap values change non-
sinusoidally, mainly due to the elasticity of the polishing tool. The
indentation depth of a fixed abrasive depends mainly on the abrasive
geometry. As the contact gap and the abrasive size decrease, the
indentation depth decreases gradually.

2) Under the synergistic effect of cavitation-induced shock wave and
microjet, the velocity of free abrasive is basically in the range of

10

3

—~

4)

0-150 m/s, and the abrasive kinetic energy increases roughly line-
arly with ultrasonic frequency, approximately as a quadratic func-
tion with the increase of particle size.

It is noteworthy that the kinetic energy induced by the shock wave
has a cliff-like increment at an amplitude of 0.7-0.8 pm, revealing
that the abrasive motion occurs significantly only with effective
cavitation effects. Increasing the preloading force will lead to a
reduction in the kinetic energy of free abrasives, which indicates the
surround-wall surface attenuates the bubble cavitation effect.

In future work, it is necessary to further investigate the model of
abrasives lateral movement and material removal occurring in actual
polishing processing based on the interaction idea of particles in
elastic-plastic deformation, near-workpiece surfaces, and multi-
scale of millimeter, micrometer and nanometer. Further, it is
necessary to determine the contribution of ultrasonic to material
removal, and to identify the optimal process parameter combination
for maximum material removal while ensuring processing accuracy.
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