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Abstract
In ultrasonic polishing (USP), when the gap between the polishing tool and workpiece is small enough, the suspension seeped into it
can be considered as suspension thin film (STF). STF flow field provides a periodic oscillation condition for abrasive particles, which
can improve abrasive particle cutting performance by changing its behavior. It is very effective for improving the polishing efficiency
and surface quality of hard-to-machine materials. However, the interaction behavior of target material, STF flow field, and abrasive
particle in USP has rarely been studied. In this paper, to fulfill a fundamental understanding of this field, the behavior of abrasive
particles impacting monocrystalline silicon in STF flow field is investigated by experimental and simulation methods. At macro-level,
through the study of ultrasonic amplitude, abrasive particle size, and polishing tool rotational speed in USP experiments, the positive
role of STF flow field has been revealed, and the change characteristic of surface roughness is obtained. The computational fluid
dynamics (CFD) simulation results show that strong transverse shear flow is formed in STF, which plays a major role in material
removal. At micro-level, novel mathematical models of plastic deformation and brittleness removal and material removal mechanism
of STF flow field are proposed. Comprehensive analysis of blunt and sharp abrasive particles impacting monocrystalline silicon is
implemented through finite element method (FEM), which includes the effect of abrasive particle size onmaterial removal rate (MRR),
kinetic energy change of abrasive particle, force analysis of impact, the effect of impact angle, and polishing tool rotation onMRR. The
final results show FEM simulation results are consistent with that of CFD simulation and experiments, which is of great significance to
reveal the behavior principle of abrasive particles in STF and guide the actual production.

Keywords Ultrasonic polishing . Suspension thin film flow field . Abrasive particle behavior . CFD . FEM . Monocrystalline
silicon

Nomenclature
CAD Computer-aided design
CFD Computational fluid dynamics
CNC Computer numerical control
CVD Chemical vapor deposition
FEM Finite element method
MRR Material removal rate
NA Numerical aperture
ROAP Regular octahedron abrasive particle
SAP Spherical abrasive particle
STF Suspension thin film
U A -
AWJP

Ultrasonic-assisted abrasive
waterjet polishing

USP Ultrasonic polishing
A Vibration amplitude of ultrasonic generator I
a Length of ROAP
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C Dimensionless coefficient related to
the crack form

d Abrasive particle size
E Elastic modulus of target material
F Reactive force by target surface

(see Fig. 28 i)
f1 Non-dimensional coefficient
f2 Non-dimensional coefficient
fI Vibration frequency of ultrasonic generator I
fII Vibration frequency of ultrasonic generator II
H STF thickness (see Fig. 9)
Hm Hardness of target material
h Depth pressed into target material (see Fig. 15)
h0

roap Actual depth of ROAP pressed into target material
h0

sap Actual depth of SAP pressed into target material
I Torque (see Fig. 28 i)
KIC Fracture toughness of target material
l Movement distance of abrasive particle
m Mass of abrasive particle
mroap Mass of ROAP
msap Mass of SAP
n Polishing tool rotational speed
Q Volume change rate
R Radius of SAP
S Contact area of abrasive particle and target

material
Sd Area of surface a'b'c'd'
Sroap Contact area of ROAP and target material
Ssap Contact area of SAP and target material
Su Area of surface abcd
T Vibration period of ultrasonic generator I
UC Critical brittle fracture erosion kinetic energy of

target material
UD Actual kinetic energy of impacting target material
V Material removal volume of single abrasive

particle
Vroap Volume of ROAP pressed into target material
Vsap Volume of SAP pressed into target material
Vs Volume of the suspension passing through cross

section
v Velocity of abrasive particle
v1 Velocity of transverse shear flow (see Fig. 33)
v2 Velocity increment (see Fig. 33)
vl Linear velocity obtained by abrasive particle
vpt Velocity of polishing tool
vx Flow velocity of P in one vibration period
vx1 Flow velocity of P in first half vibration period
vx2 Flow velocity of P in second half vibration period
z Displacement of polishing tool
ω Angular frequency of ultrasonic generator I
σs Approximate yield limit
ρ Density of abrasive particle
λ Influence coefficient of fluid resistance on velocity

ξ Efficiency of kinetic energy during impact
α Radius angle (see Fig. 18)
θ Impact angle (see Fig. 19)

1 Introduction

Today is an era of unprecedented technological development.
On the premise of meeting basic needs, the superior quality of
products is becoming an essential problem. As a result, more
and more advanced manufacturing methods have emerged,
such as ultrasonic vibration–based, mechanical energy–based,
thermal-based and electro-chemical-based. They can be used
to process hard-to-machine and advanced materials (mono-
crystalline silicon, advanced ceramics, composites, etc.) with
superior [1, 2]. Among these various available machining
methods, ultrasonicmachining is quite capable to process hard
and brittle materials irrespective of their electrical and chem-
ical properties, which are generally limitations for other tech-
niques [3]. It thus is applied to various processes such as
ultrasonic milling, ultrasonic grinding, ultrasonic drilling,
and ultrasonic polishing (USP) [4–7]. Furthermore, excellent
surface quality and mirror finish can only be obtained by
polishing; however, polishing is very time-consuming; some
scholars have tried to replace traditional polishing by improv-
ing grinding conditions and combined multiangle ultrasonic
vibration with grinding [8, 9]. But grinding still has its limita-
tions; therefore, it is of great significance to further investigate
USP to improve its performance [10].

For better implementation of polishing, many scholars
have made great efforts. Ralchenko et al. reported a fast
polishing method of polycrystalline CVD diamond films
based on ultrasonic machining in diamond slurry. Results
showed that the developed method has a higher polishing rate
than those known for mechanical or thermos-mechanical
polishing and the surface roughness was reduced from Ra ≈
5 to Ra ≈ 0.5 μm for the processing time as short as 5 min [11].
Hocheng et al. developed an innovative cost-effective USP
system. Through polishing the entire surface in a patterned
path, they observed micro-cutting, plowing, and indentation
by abrasive on the polished surface and studied the effects of
the abrasive size and static load on surface finish. They came
to the conclusion that large static loads possess an advantage
in that the abrasives are more effectively activated for
polishing [12]. Kobayashi et al. presented a novel polishing
apparatus and method for more effectively performing the
edge polishing. They believed abrasive particles within the
slurry held by the pad impact the work surface at an extremely
high acceleration because of an elliptic ultrasonic vibration of
the polishing pad which leads to high MRR [7]. Suzuki et al.
proposed and developed an ultrasonic two-axis vibration–
assisted polishing machine with piezo-electric actuators to
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finish the micro-aspheric ceramic molds of high NA. The
surface roughness of 8 nm Rz was obtained finally [13].

However, the studies available so far are mostly based on
experiments and the effect of process parameters on MRR and
polishing quality, while the behavior of suspension flow field
and the performance of abrasive particle under the action of
ultrasonic vibration have been rarely studied. Furthermore,
the behavior of suspension flow field determines the perfor-
mance of abrasive particles, and material removal mainly relies
on abrasive particles [14]. Especially in USP, suspension flow
field is greatly affected by high-frequency ultrasonic vibration.
Therefore, the study should be laid stress on suspension flow
field and its effect on abrasive particles. However, the solution
to this problem is experimentally unavailable; as a supplement
to experimental and theoretical work, computational fluid dy-
namics (CFD) and finite element method (FEM) are adopted in
this study which provide an economically effective method to
simulate real flows and impacting process for theoretical ad-
vances [15–18]. Such simulation methods are widely used in
this kind of problem. Lv et al. simulated the fluid field of the
impinging jet on the workpiece surface in ultrasonic-assisted
abrasive waterjet polishing (UA-AWJP) and investigated the

effects of workpiece vibration on pressure and velocity field
of the impinging jet fluid field based on CFD. Finally, the
measured experimental data was in reasonable agreement with
simulation results [19]. Liu et al. established CFD models for
ultrasonic velocity waterjets and abrasive waterjets using the
Fluent6 flow solver. The results indicated that a jet is charac-
terized by an initial rapid decay of the axial velocity at the jet
center while the cross-sectional flow evolves toward a top-hat
profile downstream [20]. Woytowitz simulated the impact of
multiple spherical particles with a 3D FEMmodel and predict-
ed the erosion rates by computing average damage and extrap-
olating to the level of 1.0. The results were in good agreement
with the published experimental results [21]. ElTobgy et al.
presented an elasto-plastic finite element model to simulate
the erosion process in 3D configuration. The model took into
account numerical and material damping, thermal elastic-
plastic material behavior, and the effect of multiple particle
impacts as well as material removal. The results were in agree-
ment with published results obtained experimentally and from
analytical erosion models [22].

In this paper, through experiments and the supports of CFD
and FEM simulations, the interaction behavior among the

Fig. 1 Experimental principle of USP

Table 1 Experimental conditions
of USP Parameters Values

Polishing tool dimension Diameter = 28 mm

Workpiece material Monocrystalline silicon

Workpiece size Length = 50 mm, width = 50 mm, height = 6 mm

Peristaltic pump flow range 20 ml/min

Polishing suspension Diamond suspension (3 wt%)

Abrasive particle size (d) 1.5 μm, 2.5 μm, 3.5 μm

Polishing tool rotational speed (n) 0 rpm, 360 rpm, 480 rpm, 600 rpm

Vibration frequency of ultrasonic generator I (fI) 20 kHz

Vibration amplitude of ultrasonic generator I (A) 0 μm, 9 μm, 15 μm, 21 μm

Vibration frequency of ultrasonic generator II (fII) 55 kHz

STF thickness (H) 100 μm
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material, suspension thin film (STF) flow field, and abrasive
particle under USP can be established, thereby the behavior of
abrasive particles impacting monocrystalline silicon in STF
flow field is investigated to fulfill a fundamental understand-
ing of this field

2 Experimental setup of USP

2.1 Experimental principle

The experiments are performed on a self-refitted 3-axis CNC
milling machine, and the details can be found in [23, 24]. It
provides axial ultrasonic vibration for the polishing tool by
ultrasonic generator I, which has a vibration frequency of

20 kHz and an amplitude range from 0 to 32 μm. Ultrasonic
generator II with a vibration frequency of 55 kHz and constant
amplitude is equipped to provide high-frequency ultrasonic
vibration for polishing suspension nozzle, which can make
the suspension atomized and sprayed evenly. Polishing sus-
pension is supplied by peristaltic pump. The workpiece is
fixed on the machine table with bonding glue. During the
polishing process, the gap between the polishing tool and
workpiece surface is kept within a fixed range. In recent years,
ultrasonic devices have been gradually applied to an ultra-
precision machine tool; meanwhile, automation and intelli-
gence of USP have been gradually realized. Therefore, accu-
rate positioning makes the gap between the polishing tool and
workpiece surface be greatly reduced. Because the gap size is
small enough and the suspension flow space is limited to this
gap, the suspension flow field is considered as STF flow field.
Under the joint effect of the two ultrasonic vibrations and the
STF flow field, the performance of abrasive particles has been
greatly improved. The experimental principle of USP is
shown in Fig. 1.

2.2 Experimental conditions

Before USP, the monocrystalline silicon workpieces were
hand polished with abrasive papers. The conditions are listed
in Table 1.

3 Experimental results and discussions

The generated surfaces are measured correspondingly by
3D measuring laser microscope. Five points of each group
are measured; in addition to the measured maximum and
minimum, the remaining three points are selected for

Fig. 2 Time curves of surface roughness with different ultrasonic
amplitudes

Fig. 3 Time curves of surface roughness with different abrasive particle
sizes

Fig. 4 Time curves of surface roughness with different polishing tool
rotational speeds
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avoiding contingency. The average of selected points is
taken as the final roughness value.

3.1 Effects of vibration amplitude of ultrasonic
generator I on surface quality

When d is 2.5 μm, n is 480 rpm, and Avalues are 0 μm, 9 μm,
15 μm, and 21 μm respectively, the time curves of surface
roughness are shown in Fig. 2. The surface roughness de-
creases rapidly in the first 20 min. As the polishing time ap-
proaches 60 min, surface roughness tends to be stable. Within
the same polishing time, a better surface quality can be gen-
erated through USP than general polishing (A = 0 μm).
Especially in the first 20 min, the larger the amplitude is, the
faster the surface roughness decreases. As the amplitude in-
creases gradually from 9 μm to 15 μm and 21 μm, the final
surface roughness becomes lower and lower. It is worth noting
that after polishing for about 50 min, the surface roughness of

15 μm and 21 μm is very close to each other which means the
increasing amplitude properly is beneficial to improving the
surface quality.

3.2 Effects of abrasive particle size on surface quality

When n is 480 rpm, A is 15 μm, d values are 1.5 μm, 2.5 μm,
and 3.5 μm respectively, the time curves of surface roughness
are shown in Fig. 3. In the first 20 min, the curve of 3.5 μm
changes the most obviously, followed by the curve of 2.5 μm,
and that of 1.5 μm changes the most gradually which indicates
that abrasive particle size affects the polishing efficiency.
According to the average roughness, the surface quality of
2.5 μm is better than that of 3.5 μm, and that of 1.5 μm still
has a downward trend after polishing for 60 min, which indi-
cates that the increase of abrasive particle size has adverse
effects on the surface quality; nonetheless, large abrasive par-
ticles are suitable for rough polishing.

Fig. 5 Quality comparison of polishing at each stage under certain polishing parameters

Fig. 6 Schematic diagram ofUSP
model
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3.3 Effects of polishing tool rotational speed
on surface roughness

When d is 2.5 μm, A is 15 μm, n values are 0 rpm, 360 rpm,
480 rpm, and 600 rpm respectively, the time curves of surface
roughness are shown in Fig. 4. In the first 20 min, the rough-
ness curve of 480 rpm changes most obviously, followed by
the curves of 360 rpm and 600 rpm and the curve of 0 rpm
changes the most gradual. It indicates that polishing tool rota-
tion is of great significance, and as n increases, the improve-
ment of polishing efficiency belongs to the trend of first in-
crease and then decrease. This is because when n increases
from 360 to 480 rpm, the increased rotational speed promotes
the even distribution of abrasive particles, which is beneficial
to improve the polishing efficiency. When n increases to
600 rpm, as the rotating speed increases, the centrifugal force
of polishing tool increases and abrasive particles are difficult
to soak into the gap between polishing tool and workpiece,
which, instead, leads to a decrease in polishing efficiency.

3.4 Surface morphology at each polishing stage
under certain polishing parameters

When A is 15 μm, n is 480 rpm, and d is 2.5 μm, the surface
morphologies under a laser microscope at each stage are
shown in Fig. 5; (a) after hand polished with abrasive paper
(Ra = 39 nm), there are sharp scratches; (b) after USP for
20 min (Ra = 8.2 nm), scratches are greatly reduced, but a
few depressions are still visible; (c) after USP for 40 min
(Ra = 2.6 nm), surface becomes very smooth, and depressions
have disappeared; (d) after polishing for 60 min (Ra =
1.8 nm), there is no obvious change in the surface compared

with (c); (e) mirror brightness is obtained after polishing for
60 min.

According to the changes in surface roughness at each
stage, the material removal rate decreases with polishing time.
Until polishing reaches a certain time, there is no significant
difference in surface roughness under laser microscope.

4 Simulated analysis of STF flow field

According to the above experimental results, ultrasonic vibra-
tion indeed has a positive effect on polishing. The reasons for
this effect have been briefly analyzed through experiments at
micro-level; nevertheless, the immanent cause is still unclear.

In polishing process, material removal mainly depends on
abrasive particles, and their behavior acting on target material
surface is the direct cause resulting in the material removal
[25, 26]. In USP, STF flow field provides a different condition
for abrasive particles and its characteristics determine a differ-
ent behavior of abrasive particles [27]. Understanding the
abrasive particles characteristics during USP is a prerequisite
to further reveal the material removal mechanism of mono-
crystalline silicon. Therefore, in order to further analyze the
correlation between ultrasonic vibration parameters and abra-
sive particle behavior as well as the surface quality, and apply
USP in the future, the characteristics of STF flow field should
be studied concretely.

4.1 Modeling of STF flow field

To make a comprehensive analysis of STF flow field for USP,
CFD simulation is adopted. The formed STF between

Fig. 8 Two-dimensional grid diagram of STF flow field

Fig. 7 Shape of STF
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polishing tool and target surface is shown in Fig. 6 and its
shape can be described as shown in Fig. 7.

In CFD simulation, the characteristics of STF flow field are
studied by changing vibration amplitude (9 μm, 15 μm,
21 μm) and STF thickness (80 μm, 100 μm, 120 μm). The
diameter of the polishing tool is set for 28 mm. In order to
fully reflect the characters of STF, it needs not only to ensure
the grid of simulation model no less than 10 layers but also to
refine the grid at the wall for more accurately reflecting the
fluid velocity. On account of the axisymmetric structure of the
established model and its circumferential dimension being
much larger than the axial dimension which meets the condi-
tions of FLUENT for establishing a two-dimensional model,
two-dimensional flow field simulation model is established
for simplifying calculation. The grid of the model is divided
in GAMBIT software as shown in Fig. 8.

The model boundary conditions are set as shown in
Table 2. The model length is shown in Fig. 9 (L1 = L2 =
5 mm, L3 = L5 = 1 mm, L4 = 38 mm);H is the STF thickness.

4.2 Simulation model—pressure and velocity analysis
of STF flow field

The pressure and velocity of STF flow field model are ana-
lyzed. The parameters are set asA = 15μm andH = 100 μm. T
is the vibration period of ultrasonic generator I. Four time
points (T/4, T/2, 3T/4, and T) are selected to analyze pressure
change. Pressure values on the wall of four time points are
shown in Fig. 10. The pressure of the whole STF flow field is
constantly changing from positive to negative. The maximum
pressure is about 3 × 108Pa. Compared with the maximum

pressure 2 × 106Pa of the 2-mm thickness we simulated, the
pressure of STF model changes more violently.

Velocity curves of STF flow field at four time points in x
direction are shown in Fig. 11. It can be seen that velocity in x
direction is bilaterally symmetrical and increases as moving
away from the origin of the coordinates. Compared with the 2-
mm thickness film of maximum velocity 2.3 m/s we simulat-
ed, the horizontal velocity of the 100-μm thickness STF in-
creases to a maximum velocity of about 70 m/s.

Velocity curves of STF flow field at four time points in z
direction are shown in Fig. 12. The velocity in z direction at
target material surface, which is directly below polishing tool,
increases as moving away from the origin of the coordinates.
The velocity difference of four time points is not evident.
Compared with 2-mm thickness film of maximum longitudinal
velocity 0.15 m/s we simulated, that of the 100-μm thickness
STF is about 0.2 m/s. There is no evident change. However, the
velocity in z direction at the edge of polishing tool could reach a
velocity value of 2–3 m/s. This is because the flow field here
has convection with that in outer space; suspension is more
active and makes the velocity here skyrocket.

All of the above prove both pressure and velocity in STF
flow field change periodically, which cause the periodic fluc-
tuation of suspension. Under such conditions, the behavior of
abrasive particles is greatly affected. In addition to improving
the MRR of abrasive particles, their irregularity degree of
impacting also has been increased, which are both beneficial
to improve polishing performance. Moreover, it can be seen

Fig. 10 Pressure change curves of STF flow field on target material surface

Fig. 9 Two-dimensional diagram of the simulation model

Table 2 Boundary setting of the calculation model

Boundary Length (mm) Property Type

AB 5 Outlet Pressure-outlet

BC 3 Deforming wall

CD 10 Moving wall wall

DE 3 Deforming wall

EF 5 Outlet Pressure-outlet

FG 5 Wall wall

GH 30 Wall wall
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from the comparative analysis above that the reduction of H
from 2 mm to 100 μm does not make the maximum velocity
in vibration direction (z direction) increase obviously; it only
increases from 0.15 to 0.2 m/s, and the maximum transverse
velocity increased significantly from 2.3 to 70 m/s. Therefore,
conclusions can be drawn that strong transverse shear flow
generates in STF, which has a large contribution to material
removal in USP.

4.3 Simulation model—the effect of amplitude
on velocity of STF flow field

H is set to 100μm, and theAvalues are 9μm, 15μm, and 21μm
respectively. Under the given sinusoidal velocity inlet condition,
the velocity curves in the x direction at the wall surface corre-
sponding to the three amplitudes at T/2 are shown in Fig. 13.

According to the motion equation of the dynamic mesh, the
velocity equation increases with the increase of amplitude. As
shown in Fig. 13, the velocity in x direction increases as the
amplitude increases. For the velocities in x direction of the
wall surface, the maximum velocities corresponding to the
amplitude of 9 μm, 15 μm, and 21 μm are 51 m/s, 70 m/s,
and 104 m/s respectively, which means under the condition of
STF flow field, the increase of ultrasonic amplitude will pro-
mote the increase of transverse shear flow velocity.

4.4 Simulation model—effect of STF thickness
on velocity of STF flow field

A is set to 15 μm, and the H values are 80 μm, 100 μm,
and 120 μm respectively. Under the given sinusoidal
velocity inlet condition, the velocity curves in x direction

Fig. 12 Velocity curves in z direction

Fig. 13 Velocity curves in x directionFig. 11 Velocity curves in x direction

Fig. 14 Velocity curves in x direction
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at the wall surface corresponding to the three thicknesses
at T/2 are shown in Fig. 14.

As shown in Fig. 14, the velocity in x direction increases as
the STF thickness decreases. For the velocity in x direction of
the wall surface, the maximum velocities corresponding to the
thickness of 80μm, 100 μm, and 120 μm are 101 m/s, 70m/s,
and 50 m/s respectively. Therefore, reducing the STF thick-
ness can increase the transverse shear flow.

5 Simulated analysis of abrasive particles
impacting monocrystalline silicon

The formation essence of transverse shear flow in STF is the
ultrasonic vibration of polishing tool. When the initial phase
of ultrasonic vibration is not considered, displacement equa-
tion of polishing tool can be described as

z ¼ Asin ωtð Þ ð1Þ
where ω = 2πfI, which is the angular frequency of ultrasonic

generator I. The velocity equation of polishing tool thus can be
given by

vpt ¼ dz
dt

¼ ωAcos ωtð Þ ð2Þ

5.1 Theoretical analysis of ultrasonic mechanics

Over the last few decades, many scholars have conducted a lot
of indentation tests on various hard and brittle materials. It is
concluded that even hard brittle materials may have plastic
deformation characteristics similar to plastic materials under
a low load [28–30]. Therefore, when the abrasive particles
impact target material at low velocity, it will leave a small
plastic deformation. Only when the velocity increases to a
certain value and the impact depth of abrasive particle is great-
er than the maximum critical value of plastic compression,
will the brittle crack and fracture generate on the target mate-
rial surface [31]. In this study, a deep research is taken on
mathematical model of USP mechanism. To simplify the

Fig. 15 Schematic of plastic deformation stage

Fig. 16 Schematic of brittleness
removal stage
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calculation model, several assumptions are made as follows:
(1) single abrasive particle impacts directly on the target ma-
terial, there is no energy exchange with other abrasive parti-
cles, (2) the working fluid medium is uniformly distributed,
(3) the abrasive particle incident direction is perpendicular to
the tangent plane at the impact location on target material
surface for theoretical analysis, (4) the fracture of workpiece
surface caused by impact is ignored, (5) effects of cavitation
and other effects on abrasive particles are ignored.

5.1.1 Stage of plastic deformation

Impact depth When impact depth is greater than maximum
elastic compression depth, plastic deformation occurs firstly
on the target material surface [32, 33]. It means the deforma-
tion of material has exceeded the reversible elastic deforma-
tion and changed to irreversible plastic deformation as shown
in Fig. 15. In this process, the stress does not increase much
with the increase of strain and before tress reaches the approx-
imate yield limit σs, plastic deformation, and contact area S do
not change much.

Abrasive particles in suspension are approximately consid-
ered as spherical and regular octahedron respectively.

Spherical is used to simulate abrasive particles with a blunt
surface profile while regular octahedron is used to simulate
those with the sharp surface profile.

& Spherical abrasive particle (SAP). When SAP impacts
target material and the volume pressed into material is
less than half of the abrasive particle, the volume can be
described as

V sap ¼ 1

3
π 3R−hð Þ � h2 ð3Þ

The contact area of abrasive particle and the target material is

Ssap ¼ 2πR⋅h ð4Þ

where R is the radius of SAP, and h is the depth pressed into the
target material. Compared with the radius R, the depth h of each
impact is very small; thus, formula (3) can be approximately
rewritten as

V sap ¼ πRh2 ð5Þ

Fig. 18 The schematic of internal
flow and over flow

Fig. 17 The STF schematic in one vibration period: a first half vibration period and b second half vibration period
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When yield stress is about 2σs, plastic material begins to
yield; the relation between impact depth and impact velocity
can be obtained by

1

2
msapv2 ¼ ∫h00 2σs � 2πR� hdh ð6Þ

where msap is the mass of SAP, and v is the velocity of the
abrasive particle. msap can be obtained by

msap ¼ 4

3
πR3 � ρ ð7Þ

where ρ is the density of the abrasive particle. Combining for-
mulas (6) and (7), the actual depth h0

sap can be calculated by

h0sap ¼ v

ffiffiffiffiffiffiffiffi
ρR2

3σs

s
ð8Þ

& Regular octahedron abrasive particle (ROAP). Similarly,
the volume of ROAP pressed into the target material is
defined as

V roap ¼ 2

3
h3 ð9Þ

The contact area of ROAP and target material is

Sroap ¼ 2
ffiffiffi
3

p
h2 ð10Þ

Similarly, the relationship between impact depth and im-
pact velocity can be obtained by

1

2
mroapv2 ¼ ∫h00 2σs � 2

ffiffiffi
3

p
h2dh ð11Þ

Mass of ROAP is

mroap ¼ 1

3

ffiffiffi
2

p
a3 � ρ ð12Þ

where a is the length of a regular octahedron. Thus

h0roap ¼ a

ffiffiffi
6

p
ρv2

24σs

� �1=3

ð13Þ

Material removal volume of the single abrasive particle Our
previous studies have proved that ultrasonic vibration makes
the abrasive particles obtain instantaneous acceleration and an
initial velocity. However, the abrasives particles are immersed
in suspension and impact the target material surface together
with the suspension. In this process, the velocity will decay as
the movement distance increases. Therefore, the velocity at-
tenuation equation can be written as

v ¼ ω� A� cos ω� tð Þ � e−λl ð14Þ
where λ is the influence coefficient of fluid resistance on ve-
locity, and l is the movement distance.

Fig. 19 Schematic of abrasive
particles impacting the target
material surface

Table 3 Performance parameters
of diamond materials Material Density (g/cm3) The Young

modulus (GPa)
The Poisson
ratio

The Vickers
hardness (GPa)

Diamond 3.515 1000 0.07 50
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Substituting formula (14) into formula (8), the depth gen-
erated by SAP impacting into the target material can be ob-
tained by

h0sap ¼ ω� A� cos ω� tð Þ � e−λl

ffiffiffiffiffiffiffiffi
ρR2

3σs

s
ð15Þ

Therefore, according to formula (5), the deformed volume
caused by single SAP can be expressed as

V sap ¼ πρR3ω2A2cos2 ω� tð Þe−2λl
3σs

ð16Þ

Similarly, substituting formula (14) into formula (13), the
depth generated by ROAP impacting into the target material
can be obtained by

h0roap ¼ a

ffiffiffi
6

p
ρω2A2cos2 ω� tð Þe−2λl

24σs

� �1=3

ð17Þ

According to formula (9), the deformed volume caused by
single ROAP during plastic deformation stage is

V roap ¼
ffiffiffi
6

p
ρa3ω2A2cos2 ω� tð Þe−2λl

36σs
ð18Þ

5.1.2 Stage of brittle removal

When the impact depth of abrasive particles is greater than the
maximum plastic compression depth, brittle cracks occur. On
this occasion, material removal is not limited to plastic defor-
mation. The schematic of the brittle removal stage is shown in
Fig. 16. The actual kinetic energy of the abrasive particle
impacting target material is [34]

UD ¼ 1

2
ξmv2 ð19Þ

wherem is the mass of abrasive particle, and ξ is the efficiency
of kinetic energy during impact.

Substituting formula (14) into formula (19), the actual ki-
netic energy of the abrasive particle impacting the target ma-
terial is expressed as

UD ¼ 1

2
ξmω2A2cos2 ω� tð Þe−2λl ð20Þ

Removal mechanism is determined by comparing UD with
critical brittle fracture erosion kinetic energy of target material
UC. UC is described as [34]

UC ¼ C
E3=2KIC

6

Hm
13=2

ð21Þ

Fig. 20 Simulation model after
grid division: a SAP and b ROAP

Table 4 Performance
parameters of
monocrystalline silicon
corresponding to JH-2

Performance parameters Values

Density 2300

Shear modulus (GPa) 61.7

A 0.85

B 0.31

C 0.013

M 0.21

N 0.29

EPSI 1.0

Tensile strength (GPa) 260

HEL (GPa) 0

PHEL (GPa) 9

HEL body strain rate 5

HEL intensity (GPa) 1.0

D1 0.02

D2 1.85

K1 (GPa) 201

K2 (GPa) 260

K3 (GPa) 0

Beta 1.0
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where C is the dimensionless coefficient related to the crack
form, and E(GPa), Hm(GPa), and KIC(MPa ×m1/2) are the
elastic modulus, hardness, and fracture toughness of target
material respectively. If UD >UC, the main removal method
of material is brittle removal. Material removal volume of
single abrasive particle is

V ¼ f 1
E5=4UD

7=6

Hm
17=12KIC

1− f 2
E1=4KIC

Hm
13=12UD

1=6

� �
ð22Þ

where f1 and f2 are non-dimensional coefficient reflecting the
effect of factors such as material fracture mode and abrasive
particle geometry on material removal mechanism.

According to the above analysis, despite the fact that the
material removal method is plastic deformation or brittle remov-
al, material removal is affected by ultrasonic vibration frequency

fI, ultrasonic amplitude A, abrasive particle geometry, material
properties, and so on.

5.2 Simulation analysis of abrasive particles
impacting monocrystalline silicon based on LS-DYNA

Abrasive particles impacting on target material surface involves
situations such as collision, deformation, and fracture. According
to CFD simulation results above, in USP, the horizontal velocity
of the 100-μm thickness STF flow field increases to a maximum
of about 70 m/s. Therefore, its contact time with the target ma-
terial is extremely short.Moreover, the abrasive particles are very
small. It is difficult to directly observe the impact process of
abrasive particles through experiments. Therefore, many studies
have been focused on the numerical simulation of abrasive par-
ticles impact process [35–38].

Fig. 21 Volume curves when impact angel is 30°: a vimpact = 30 m/s, b vimpact = 60 m/s, and c vimpact = 90 m/s
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5.2.1 Material removal mechanism of abrasive particles
impacting target material surface in STF of USP

According to pressure and velocity simulation analysis of STF
flow above, the material removal mainly depends on trans-
verse shear flow. That is because the gap between the
polishing tool and target becomes large and small periodically
due to the effect of ultrasonic vibration; meanwhile, the sus-
pension within the gap generates internal flow and overflow
periodically. As shown in Fig. 17 a, in the first half vibration
period, polishing head vibrates along the direction away from
the workpiece. In this process, the instant increase of the gap
size results in the generation of suspension internal flow. The
suspension outside the gap moves inwards to the center due to
atmospheric pressure as shown in Fig. 18 a. P is a point on the
cylindrical surface abcd, when the polishing head vibrates to

z1 at time t. The volume of the suspension passing through the
cylindrical surface abcd is

Vs ¼ 1

2
αAsin 2π f I tð Þx2 ð23Þ

where α is the radius angle shown in Fig. 18. Therefore, the
volume change rateQ can be obtained by taking the derivative
of formula (23) with respect to t

Q ¼ π f IαAcos 2π f I tð Þx2 ð24Þ

When α is infinitely close to zero, the flow velocity of P in
first half vibration period is

vx1 ¼
Q
Su

¼ −
π f IAcos 2π f I tð Þ
H þ Asin 2π f I tð Þ x ð25Þ

where Su is the area of the surface abcd.
In the second half vibration period, polishing tool vibrates

toward workpiece as shown in Fig. 17 b. But its principle is in
reverse of the first half period as shown in Fig. 18 b; the over
the flow of suspension generates in this process. According to
the same principle as the first half period, the flow velocity of
P in the second half period is

vx2 ¼
Q
Sd

¼ −
π f IAcos 2π f I tð Þ
H−Asin 2π f I tð Þ x ð26Þ

where Sd is the area of the surface a
′b′c′d′.

Based on the above analysis, in the first vibration period,
horizontal velocity can be given by

vx ¼
−
π f IAcos 2π f I tð Þ
H þ Asin 2π f I tð Þ x 0≤ t <

1

2 f I

−
π f IAcos 2π f I tð Þ
H−Asin 2π f I tð Þ x

1

2 f I
≤ t≤

1

f I

8>><
>>:

ð27Þ

Fig. 23 Time curves of kinetic energy loss with different impact angles: a SAP and b ROAP

Fig. 22 Relation curves between MRR and impact velocity
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Therefore, during the entire polishing process, the velocity
in horizontal direction is as indicated above and changes pe-
riodically. The schematic of abrasive particles impacting the
target material surface horizontally can be described as shown
in Fig. 19.

When abrasive particles impact target material surface hor-
izontally, the angle θ between velocity direction and tangent
plane at the impact location on target material is defined as
impact angle. According to the USP experiment results in the
opening paragraph (in the first 20 min, surface roughness de-
creased sharply, then tended to be stable gradually) and the
schematic shown in Fig. 19, at the initial stage of polishing,

the surface of the target material is rough so that the impact
angle is generally large; the surface roughness therefore de-
creased rapidly in the first 20 min. As polishing time in-
creases, the hillocks on target material surface will be gradu-
ally removed by abrasive particles; meanwhile, the impact
angle also decreases gradually; therefore, when the polishing
time approaches 50 min, surface roughness tends to be stable.
Ideally, with the impact of abrasive particles, impact angle will
gradually tend to 0°, and there is no material removal any-
more. Finally, a high surface quality will be obtained.
Therefore, the material removal mechanism is consistent with
the USP experiments results.

Fig. 25 Impact process of ROAP

Fig. 24 Impact process of SAP
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5.2.2 Finite element simulation of abrasive particle impact

According to the analysis of material removal mechanism and
combining the method of Lv et al. [39], abrasive particle
impacting monocrystalline silicon is simulated based on ex-
plicit dynamics LS-DYNA.

The selected abrasive particle material is diamond. Its per-
formance parameters are listed in Table 3. Because of the high
hardness of diamond, it is difficult to be crushed during an
impact. Therefore, diamond abrasive particle is assumed to be
rigid body in the simulation model.

Monocrystalline silicon was selected as target material. The
Johnson-Holmquist ceramics (JH-2) was set as the material
model, because JH-2 is suitable for describing the constitutive
relation of hard and brittle materials under high strain rate
conditions [40]. The parameters of the JH-2 model corre-
sponding to monocrystalline silicon are shown in Table 4.

5.2.3 Simulation procedure

Simulation procedure mainly includes (i) generating models
based on CAD software, (ii) numerical simulation area

dispersing based on HyperMesh, (iii) numerical simulation
based on LS-DYNA, and (iv) numerical extraction and anal-
ysis based on LS-PrePost.

In order to analyze the effects of abrasive particle impact on
target material surface, only the main factors such as impact
force, impact time, energy loss, and MRR are stressed out
while some unimportant factors are ignored. Therefore, the
simulation model needed to be simplified and assumptions
are made as follows

& Diamond abrasive particle is considered a rigid body. Its
deformation and fracture are ignored during the impact
process.

& Because monocrystalline silicon has anisotropy, its char-
acteristic values of different directions are different. The
characteristic values are considered identical; the stable
direction <111> is studied [41, 42].

& The gravity is ignored during impact process.
& The impact time (0.01–0.05 μs), which is obtained from

simulation results, compared with ultrasonic vibration pe-
riod (50 μs), is extremely short and the velocity of STF
flow field hardly changes in such an extremely short time.
Therefore, during one impact, abrasive particle impacts
the target material surface at a constant velocity.

As target material, a rectangular workpiece (10 μm ×
7 μm× 4 μm) model is built. In order to simulate abrasive
particles with blunt surface profile and with sharp surface
profile, SAP and ROAP models are built. The volume of
ROAP model is the same as that of SAP with a diameter of
2.5 μm. The diameters of SAP are set to 1.5 μm, 2.5 μm, and
3.5 μm. Impact velocities of abrasive particle are set to 30m/s,
60m/s, and 90m/s. Impact angles are set to 15°, 30°, 45°, 60°,
and 90°. Simulation model after meshing is shown in Fig. 20.

5.2.4 Simulation results analysis

After calculation, the number of elements deleted from the
model due to failure is counted and MRR is calculated. The
MRR used to characterize the impact performance of the

Fig. 27 Target surface
morphologies after impact: a SAP
and b ROAP

Fig. 26 Time curves of rotation angular velocity of abrasive particles
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target material is defined as the quotient of deleted workpiece
elements mass and impact particles mass.

Deformation analysis SAP with diameter of 1.5 μm is used to
analyze deformation. The impact angle is 30°. The impact
velocities are 30 m/s, 60 m/s, and 90 m/s. The obtained rela-
tion time curve of model volume is shown in Fig. 21.

It can be seen that when impact velocity is 30 m/s,
only a minimal elastic deformation occurs on the target
surface. As the SAP rebound, the generated elastic defor-
mation restores immediately. There is no essential effect
on the target surface. When impact velocity increases to
60 m/s, elastic deformation occurs at the initial stage, then
partially gradually restored. The total volume has a very
small change, but there is no material removal, and plastic
deformation occurs. When impact velocity is 90 m/s,
there is obvious brittle material removal. Furthermore,
compared with brittle removal, the effects of elastic de-
formation and plastic deformation on the workpiece mod-
el are negligible. Material removal mainly depends on

brittle removal, only when impact velocity increases to a
certain value which makes plastic deformation transition
to brittle removal, the polishing efficiency will be
improved.

Effect of abrasive particle size and impact velocity on MRR
SAPs with diameters of 1.5 μm, 2.5 μm, and 3.5 μm are
simulated. The impact velocities are 30 m/s, 60 m/s, and
90 m/s; the impact angle is 30°. The obtained relation curves
between MRR and impact velocity are shown in Fig. 22.

Figure 22 shows that MRR increases with the increase of
SAP size and impact velocity. Moreover, the difference
between the SAP with different diameters also increases
with the increase of velocity which means under the same
USP condition, SAP with a large diameter and increasing
impact velocity have a positive effect on the improvement
of polishing efficiency. In STF of USP, the transverse shear
flow changing from positive to negative makes the velocity
of abrasive particle increase sharply. Therefore, the
polishing efficiency is improved.

Fig. 28 Force analysis of ROAP

Fig. 29 Time curves of contact forces Fig. 30 Time curves of mass removal rate

Int J Adv Manuf Technol (2019) 103:819–840 835



Kinetic energy change of abrasive particle during impact
During impact, the kinetic energy loss of abrasive particles
is mainly used for material removal. SAP with a diameter of
2.5 μm and ROAP of the same volume are simulated at the
same velocity of 60 m/s with different impact angles of 15°,
30°, 45°, 60°, and 90°. The obtained time curves of kinetic
energy loss are shown in Fig. 23.

Figure 23 shows that both the kinetic energy losses of
SAP and ROAP increase as impact angle increases. The
kinetic energy losses both are largest when impact angle
is 90° and the final kinetic energy is almost zero which
proves that nearly all of the kinetic energy is converted to
the removal of material. The difference between SAP and
ROAP is when the abrasive particles impact the workpiece
model with a small angle, the kinetic energy loss of ROAP
is relatively greater than that of SAP. In addition, by com-
paring Fig. 23 a and b, it is found that the kinetic energy loss
of ROAP lasts about 0.027–0.04 μs while that of SAP is
less than 0.015 μs. The kinetic energy loss of ROAP is
larger because it has a longer interaction time with a

workpiece surface which makes the conversion of energy
more sufficient.

The simulated impact processes are shown in Figs. 24 and
25. The impact angle is 45°. According to Fig. 24, the rotation
of SAP is invisible while that of ROAP is obvious in Fig. 25.
The rotation angular velocities during the impact process are
monitored as shown in Fig. 26 and the target surface morphol-
ogies after impact are shown in Fig. 27.

The ROAP produces an angular velocity during impact,
whereas the SAP hardly rotates during impact. The force anal-
ysis of ROAP is shown in Fig. 28. When ROAP impacts the
surface at a velocity v (see Fig. 28 (i)), it is subject to the
reactive force F by target surface and thus obtains a torque I,
which makes it continue to impact the target surface (see Fig.
28 (ii)). This continuous rotation process increases the inter-
action time between ROAP and target surface; therefore, more
kinetic energy can be converted into the removal of material.

Force analysis of the workpiece model during impact
Simulation results of the average contact force between

Fig. 32 Schematic of USP when
rotation is applied

Fig. 33 MRR curves of the impact angles of 30° and 60° with different v2
valuesFig. 31 Relation curves of MRR and impact angle
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abrasive particles and workpieces are shown in Fig. 29.
Within contact time, both contact forces of SAP and ROAP
increase rapidly from zero initially, then gradually back to zero
finally. And at the same impact angle and velocity, ROAP has
firstly subjected a larger contact force at the moment of con-
tact, then the contact force fluctuates continuously and de-
creases to zero finally, while SAP is firstly subjected to a
maximal contact force, then immediately drops to zero.

When impact angle is 45° and impact velocity is 60 m/s,
the time curves of mass removal rate are shown in Fig. 30.

When ROAP impacts target material surface, the stress is
more concentrated than that of SAP because of its sharp pro-
file. Therefore, the instantaneous contact force is greater com-
pared with SAP, and ROAP has more material removal mass
at the initial moment. Combined with Fig. 25, the rotation of
ROAP results in an increase of contact time and more kinetic

energy is used to remove material. Therefore, the material
removal mass of ROAP is greater.

Effect of impact angle on polishing efficiency.When abrasive
particles impact the target surface at a velocity of 60 m/s, the
relation curves of MRR and impact angle are shown in Fig. 31.

It can be seen that when SAP and ROAP impact target
surface at a certain velocity, they show the same trend. The
material removal decreases with the decrease of impact angle,
and it has a limit value when the impact angle is 90°. Overall,
the MRR of ROAP is better than that of SAP except when the
impact angle is close to 90°. That is because when the impact
angle is small, ROAP has a strong rotation capability; there-
fore, the contact time is extended and material removal capa-
bility is improved as analyzed above. However, as impact
angle increases, this rotation ability is attenuated; material
removal capability decreases gradually.

The trend shown in Fig. 31 also explains at the initial stage
of USP target surface is relatively rough; the impact angle is
generally large (see Fig. 19); therefore, the polishing efficien-
cy is high. As the abrasive particles impact constantly, target
surface gradually becomes smooth; the impact angle de-
creases gradually therefore the polishing efficiency is gradu-
ally reduced.

5.2.5 Effect of polishing tool rotation on USP

According to the above analysis, abrasive particle size, abra-
sive particle profile, impact velocity, and impact angle all have
great effects on the MRR of the workpiece model; however,
the essence of the effects is the change of abrasive particles
kinetic energy; that is how much kinetic energy is converted
into the energy of material removal.

Therefore, in order to extend the contact time and improve
kinetic energy conversion rate during the impact process, the
rotation is applied to the polishing tool. The schematic is
shown in Fig. 32; v1 is the velocity of transverse shear flow
caused by ultrasonic vibration; v2 is the velocity increment
caused by the rotation of the polishing tool.

Assume that the velocity caused by rotation equals to the
linear velocity of the polishing tool at the position of the abra-
sive particle itself, which can be described as

vl ¼ ωs � r ¼ 2πn� r ð28Þ

where ωs is the angular velocity, n is the spindle velocity, and r
is the distance of the abrasive particle from the rotation center.

In USP experiments, the diameter of the adopted polishing
tool is 28 mm; the spindle velocities are 360 r/min, 480 r/min,
and 600 r/min. The corresponding maximum velocities re-
spectively are 0.528 m/s, 0.703 m/s, and 0.879 m/s.
According to formula (14), the final velocity increment is

Fig. 34 Mass removal rate curves (30°)

Fig. 35 Mass removal rate curves (60°)
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v2 ¼ vle−λ⋅l ð29Þ

According to the formula (29) and experiments parameters,
the velocity increment of abrasive particle has a maximum
value of 0.9 m/s. Therefore, the velocity increments v2 are
set to 0.1 m/s, 0.3 m/s, 0.5 m/s, 0.7 m/s, and 0.9 m/s in sim-
ulation to verify its effect on MRR. ROAP is adopted, impact
velocity is set to 60 m/s; and impact angles are 30° (fine
polishing) and 60° (rough polishing).

The effect of polishing tool rotation on MRR Figure 33 shows
MRR curves when impact angles are 30° and 60°, and v2 are
0.1 m/s, 0.3 m/s, 0.5 m/s, 0.7 m/s, and 0.9 m/s.

As the v2 increases, the variation trend of the two MRR
curves both increase initially and decrease afterwards. The
main difference is the variation trend of 60° MRR curve is
relatively slow and its MRR reaches a maximum value when
the v2 is 0.7 m/s while the variation trend of 30° MRR curve
tends to fluctuate a lot and its MRR starts to decrease when the
v2 is 0.3 m/s. Therefore, the conclusion can be drawn that at
rough polishing stage, the increase of v2 has a positive effect
on MRR; however, at the fine polishing stage, the increase of
v2 does not necessarily improve polishing efficiency.

Effect of polishing tool rotation on mass removal rate
According to Fig. 33, when impact angle is 30°, v2 values
are 0.3 m/s and 0.9 m/s; MRR reaches a maximum and a
minimum value respectively; when impact angle is 60°, v2
values are 0.7 m/s and 0.9 m/s; MRR reaches a maximum
and a minimum value respectively. Therefore, in simulation,
impact angles are set to 30° and 60° respectively; the corre-
sponding velocity increment v2 values are set to 0 m/s,
0.3 m/s, and 0.9 m/s and to 0 m/s, 0.7 m/s, and 0.9 m/s respec-
tively. The simulation results are shown in Fig. 34 and Fig. 35.

As shown in Figs. 34 and 35, as v2 increases, the higher the
velocity, and the higher the corresponding mass removal at the
beginning, but the duration of mass removal is relatively short.
When impact angle is 30°, the mass removal rate curves of
0 m/s, 0.3 m/s, and 0.9 m/s have a big difference while that of
impact angle 60° is small.

Combining Figs. 33, 34, and 35, the increase of spindle
velocity overall has a positive effect on polishing efficiency.
Once the target surface becomes smooth, the polishing effi-
ciency is greatly affected by the spindle velocity, and exces-
sive velocity will make the polishing efficiency decreased.
Therefore, it is meaningful to increase the rotation velocity
of the polishing tool within a certain range.

Effect of an abrasive particle on the workpiece surface when
applying spindle velocity As can be seen from Fig. 36, com-
pared with v2 of 0.9 m/s, the material removal of 0.3 m/s is
smoother; the impact depth is shallower; the impact scratch
length is longer. It can be known that in fine polishing, v2 of
0.3 m/s is conducive to the formation of the flat surface by
comparing the material removal. However, in Fig. 37, the
difference of v2 does not result in a significant difference be-
tween morphologies of SAP and ROAPmodels and they have
the same impact depth; the impact scratch length difference is
less than 4%.

Based on the above study, at the initial stage of USP (e.g.,
the impact angle is 60°), the MRR increases with the increase
of v2 and there is no significant difference on the simulation
topographies when v2 changes. Thus, the increase of spindle
velocity is meaningful to rough polishing stage. When in fine
polishing stage (e.g., the impact angle is 30°), as v2 increases,
the overall material removal rate shows a trend of first increas-
ing and then decreasing, and there is significantly difference
on simulation topographies when v2 changes. When v2 is

Fig. 37 Simulated surface morphologies (60°): a 0.3 m/s and b 0.9 m/s

Fig. 36 Simulated surface morphologies (30°): a 0.3 m/s and b 0.9 m/s
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0.3 m/s, MRR reaches the maximum. As shown by the simu-
lation topography, the removal form of the material is also
beneficial to the fine polishing. Eventually, however, the
MRR starts to decrease, and the generated surface topography
is not conducive to obtain a high-quality surface. Therefore, at
the fine polishing stage, the increase of spindle velocity does
not necessarily improve the polishing effect.

6 Conclusions

The interaction behavior of the material, STF flow field, and
abrasive particle; the behavior of abrasive particles impacting
monocrystalline silicon in STF flow field; and the effects of
ultrasonic vibration on polishing quality are studied through
experiments and simulations under USP in this paper. It is
shown that ultrasonic vibration of the polishing tool has great
influence on the mentioned above and conclusions can be
summarized as follows:

(1) Monocrystalline silicon experimental results indicate the
introduction of ultrasonic vibration to STF polishing has
improved the polishing efficiency; meanwhile, the gen-
erated surface is also obviously superior to that of general
polishing, increasing ultrasonic amplitude appropriately
is beneficial and small size particles result in a better
surface quality but a low polishing efficiency. As spindle
velocity increases, the improvement of polishing effi-
ciency belongs to the trend of first increase and then
decrease. In initial stage of polishing, surface roughness
decreases obvious, when polishing reaches a certain
time; there is no significant difference in surface
roughness.

(2) CFD simulations show that the internal pressure and ve-
locity in STF flow field change periodically in USP. The
flow field velocity in x direction increases greatly while
that in z direction is relatively low, which indicates strong
transverse shear flow is formed in STF. Moreover, its
velocity and pressure increase with the increase of ultra-
sonic amplitude and the decrease of STF thickness.
Under such conditions, the STF flow field in USP has
provided a superior condition for an abrasive particle.
The irregularity degree of abrasive particles impacting
target material and impact velocity therefore has been
increased as ultrasonic amplitude increases, which are
contributions to improving polishing efficiency. This
conclusion is consistent with the experimental results.

(3) Based on the characteristic of STF flow field in USP, a
novel mathematical model of plastic deformation and
brittleness removal when abrasive particles impact
monocrystalline silicon is proposed in this study. No
matter the material removal method is plastic deforma-
tion or brittle removal, the removal of material is affected

by ultrasonic vibration frequency, ultrasonic amplitude,
abrasive particle geometry, and material properties.

(4) Inspired by CFD simulation results that material removal
mainly depends on transverse shear flow. Therefore, a
novel material removal mechanism of STF of USP is
proposed in this study, which reveals the immanent cause
of the USP experimental results that, in the first 20 min,
surface roughness decreases sharply, then tends to be
stable gradually.

(5) The SAP (blunt) and ROAP (sharp) models are used to
simulate abrasive particle impacting monocrystalline sil-
icon with FEM; the results show that (i) MRR increases
with the size of abrasive particle and impact velocity, (ii)
more kinetic energy consumption of abrasive particle
results in more material removal, and under the same
conditions, the consumption of sharp abrasive particle
is greater than that of blunt ones, because it produces a
greater impact force and rotates during impact, and (iii)
the effect of impact angle shows MRR decreases as im-
pact angel decreases from 90° (first 20 min of USP,
rough polishing) to 15° (approach to 60 min of USP, fine
polishing) which is consistent with the experimental re-
sults and proves the conclusion of CFD simulation that
material removal mainly depends on transverse shear
flow.

(6) Effects of polishing tool rotation on USP show the in-
crease of spindle velocity is meaningful to a rough
polishing stage, and in fine polishing stage, the overall
MRR shows a trend of first increasing and then decreas-
ing as spindle velocity increases.
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