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Abstract

Traditional soft abrasive flow (SAF) polishing is limited by its low material removal rate and its applicability to large workpieces.
To address this issue, an innovative technique of a cavitation-based gas-liquid-solid abrasive flow polishing (CGLSP) process is
proposed. The energy generated from cavitation effects is employed to increase the kinetic energy of abrasive particles in the fluid
flow and the random movement of abrasive particles near the surface. The CGLSP mechanism is first introduced, and then, the
cavitation erosion characteristics and material removal mechanism of brittle-plastic materials during polishing are investigated
using a coupling computational fluid dynamics model. The simulated results show that erosion of the workpiece surface mainly
occurs in the spiral area of the polishing tool. Furthermore, the erosion rate and erosion depth increase with increasing cavitation
intensity. Subsequently, polishing experiments are conducted to verify the validity of the CGLSP method. The polishing results
are verified by scanning electron microscopy (SEM) images of the polished surface. After polishing with the CGLSP method,
most of the surface irregularities, such as microcracks and massive structures, are removed. The experimental results demonstrate
that controlled polishing with cavitation erosion and abrasion can achieve a much higher quality surface on a large workpiece.

Keywords Cavitation erosion - Prediction method - Brittle-plastic materials,-Material removal mechanism

1 Introduction

With the development of modern science and technology,
more stringent requirements have been put forward for
telectronic systems [1]. As raw materials of the semiconductor
industry, brittle-plastic materials such as monocrystalline sili-
con and K9 glass must be processed in a plastic way on their
surfaces, which is the key to ensure no scratches, pockmarks,
or subsurface damage [2]. Compared with most tool-contact
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processing methods that cause surface and subsurface defects,
the good adaptability and micromachining properties of soft
abrasive flow (SAF) seem to provide a good solution for pro-
cessing brittle-plastic materials, and indeed, this method has
been widely used for the deburring, processing mark removal,
and precision polishing of complex structured surfaces with
small amounts of material removed from the target [3, 4].
Due to the beneficial effects of SAF processing methods,
considerable research has been conducted. In 2010, Ji et al.
[5—7] established the two-phase dynamic model and simula-
tion of SAF based on a discrete phase model (DPM), and their
simulation results showed that the abrasive flow process is
mainly manifested by the effects of particle pressure and
near-wall particle velocity. In 2011, Sankar et al. [8] per-
formed an experimental study on aluminum alloy and its met-
al matrix composites using a rotating abrasive flow finishing
process and derived the relationships among related parame-
ters for roughness and material removal. In 2012, Li et al. [9]
studied the motion law of the SAF method on the surface of a
small-scale mold structure according to the experimental prin-
ciple of Nikuradse and obtained a suitable friction coefficient
formula. Their experimental results show that the SAF method
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can achieve a workpiece surface roughness as low as 62 nm.
In 2016, Tan et al. [10] proposed a new type of double-inlet
SAF finishing method based on the fluid collision theory for a
current SAF finishing method with surface quality problems
caused by uneven flow. Their processing experiments showed
that the proposed SAF finishing method can achieve a rough-
ness in the parallel flow direction of less than 50 nm and can
improve the finishing uniformity and efficiency.

In the SAF process, particle velocity and fluid medium
turbulence characteristics may affect processing efficiency
and quality. Related studies have shown that the collapse of
bubbles will increase the degree of turbulence in a fluid field,
and research has been conducted regarding the enhancement
of turbulent flows by bubble collapse [11-13]. Zhang et al.
[14] proposed a gas compensation—based abrasive flow
(GCAF) treatment method for complex titanium alloy sur-
faces, and their results proved that the proposed method could
obtain better processing efficiency and uniformity. Ge et al.
[15] proposed a gas-liquid-solid three-phase abrasive flow
processing method (GLSP) based on bubble collapse to solve
the problem of low efficiency of the SAF method. A large
number of experiments proved that the GLSP method could
increase the processing efficiency by 50% compared with the
SAF method, and the average surface roughness could reach
2.84 nm. Compared with the limited collapsing energy of
ordinary micro-/nanobubbles, a high-density energy of
1~1018 kW/m® could be released when the cavitation bubbles
collapse, accompanied by high temperature and high pressure
[16]. The collapse of the cavitation cloud in the fluid field
produces a strong shock wave and high-energy microjet near
the microbubbles, which is expected to improve the degree of
turbulence and the randomness of abrasive particle movement
in the fluid field. In addition, the efficiency of fluid polishing
was improved, which may be a promising method of fluid
polishing [17-19].

The processing mechanism of an abrasive flow is the result
of the repeated impact of abrasive particles driven by the fluid
medium in the fluid field on the surface of the workpiece,
which is similar to erosion wear in the fields of mining, met-
allurgy, and pipeline transportation. One approach to investi-
gate cavitation erosion is to employ computational fluid dy-
namics (CFD) methods [20-22]. This approach-oriented ero-
sion wear can be divided into two categories: an Eulerian-
Lagrangian method (E-L) [23] and a Eulerian-Eulerian meth-
od (E-E) [24]. In the hypothesis of the E-L method, the parti-
cles are considered discrete phases with a low volume frac-
tion, and only the effect of continuous relative discrete phases
is considered. Nguyen et al. [25] used the E-L method to study
how particle size affects erosion characteristics, and their ex-
perimental results showed that there is a transition in the ero-
sion profile from a W-shape to a U-shape with increasing sand
particle size. Duarte et al. [26] adopted an accurate computa-
tional fluid dynamics model based on the Euler-Lagrangian
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method to evaluate erosion depth for a new type of pipe wall
design. Their simulations showed that a reduction in the ero-
sion peak up to 33% could be achieved in a pipeline equipped
with a twisted pipe wall in comparison to the baseline config-
uration. With respect to the E-E method, different phases are
treated as continuous media running through each other.
Messa et al. [27] improved the E-E method for the complex
physical phenomena of slurry erosion and obtained high ac-
curacy in several abrasive jet impingement experiments.
Zahedi et al. [28] used the fluid volume method (VOF) and
E-L method to simulate air-water flows with high gas veloc-
ities and low liquid rates. The same flow rate was obtained by
the two simulation methods and was consistent with the ex-
perimental results. In view of the soft abrasive flow in this
paper, the particle is mainly driven by the fluid medium to
micromachine the target, and the particle content is low.
Therefore, the E-L method is used to describe the entire ero-
sion process more accurately.

In this paper, gas-liquid-solid three-phase flow under cav-
itating conditions along with abrasive particles is explored for
use as a possible surface polishing technique. Considering that
cavitation bubbles are added to the abrasive flow, the fluid
flow characteristics and surface erosion behavior are demon-
strated using a coupling computational fluid dynamics model.
Extensive polishing experiments are conducted to verify the
accuracy of the prediction results of the material removal dis-
tribution in a polishing process. Furthermore, improvements
in the workpiece surface of brittle-plastic materials are
discussed using qualitative results obtained from scanning
electron microscope (SEM) images.

This paper is organized as follows. In Section 2, the work-
ing principle of the CGLSP method is introduced, and the
polishing tool is designed. In Section 3, the three-phase fluid
mechanics model of the CGLSP method is set up based on a
hybrid Euler-Lagrangian framework, cavitation model, and
erosion model. In Section 4, numerical simulations of the
surface erosion characteristics in gas-liquid-solid abrasive
flow and a comparison analysis and discussion are performed.
In Section 5, a CGLSP polishing experimental platform is set
up, and experiments are conducted. In Section 6, the conclu-
sions are presented.

2 Polishing theory
2.1 Design of the CGLSP polishing tool

Based on our previous work [29-31], a polishing tool con-
structed using a multi-inlet constrained fluid channel is de-
signed. By constructing the confined fluid channel on the
workpiece surface, soft abrasive flow is employed instead of
amachining tool to achieve polishing of the workpiece surface
to avoid surface and subsurface damage. As shown in Fig. 1,
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Fig. 1 Abridged general view of 3
CGLSP polishing tool. 1,
abrasive flow pump; 2,
workpiece; 3, tank; 4, CGLSP
polishing tool nozzle; 5,vacuum — —p
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the workpiece is fixed on a vacuum suction plate, and the
polishing tool is mounted approximately 1 mm from the target
surface. Then, the workpiece and the polishing tool are placed
into a processing tank filled with gas-liquid mixed fluid me-
dium with abrasive grains. The soft abrasive flow is injected
into the fluid channel by a high-pressure pump through the
four inlets.

The geometric structure and working principle of the
polishing tool are shown in Fig. 2. The polishing tool consists
of a cavitation-constrained fluid channel and an observation
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Fig. 2 Structural diagram of CGLSP polishing tool. 1, polishing tool; 2,
inlet; 3, vacuum plate; 4, flow channel; 5, observation window; 6, vortex
area; 7, outlet

window. When the four-grit abrasive flow gathers in a
nonconstrained space and forms a high-speed vortex [32], it
enters the confined space in a high-speed swirling manner that
is formed by the workpiece and polishing tool. Due to the
drastic reduction in the volume of the fluid channel, the prob-
ability of collisions between the abrasive particles and the
polished surface is increased. When abrasive flow passes
through the constrained fluid channel, cavitation bubbles form
and collapse, which will release a large amount of energy. The
energy generated by cavitation bubble collapse can increase
the impact kinetic energy of the abrasive particles and enhance
the turbulence intensity of the local fluid flow, thereby further
improving the processing efficiency and quality.

2.2 Cavitation effects and erosion verification

Due to the small size of the microbubbles and the short bubble
collapse time, it is difficult to observe them without any equip-
ment. The method shown in Fig. 3 offers us the possibility of
demonstrating the existence of cavitation effects. Using a sim-
ilar principle, a single runner was designed. Pure water was
pumped through the pump in the direction shown in Fig. 3a,
and a high-speed camera was used to photograph the fluid
channel. The results obtained are shown in Fig. 3b—d. From
0 to 2.162 s, when high-pressure fluid passes through the
contraction section to the expansion section, cavitation bub-
bles are generated in the fluid channel. The pressure at the
inlet of the fluid channel is 0.6 MPa. From this observation,
we can determine that the cavitation effects in the fluid chan-
nel will continue to increase as the pressure continues to
increase.

To better analyze the principle and modeling of the CGLSP
method in the following text, preliminary polishing experi-
ments are carried out. The results of observing the silicon
wafer surface with a microscope are shown in Fig. 4. The
initial surface of the silicon wafer is very rough and shows a
large number of pit shapes. After 2 h of processing, the surface
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Fig. 3 Observation results of the fluid channel

irregularities of the workpiece were partially removed. It can
be seen that a large amount of erosion traces appears on the
silicon wafer surface in Fig. 4b and c. From the above exper-
iments, it can be presumed that the material removed by the
CGLSP process is erosion wear.

2.3 Analysis of near-wall microcutting characteristics

Figure Sa shows the processing of abrasive flow in the near-
wall area under the effect of cavitation. Relevant studies have
shown that delamination occurs at the rough surface peak of
the workpiece during abrasive flow processing [33-35]. The
strong swirling flow formed by the multi-inlet injection abra-
sive flow and the low viscosity characteristics of the fluid will
form a turbulent flow area on the polished surface. The role of
the turbulent vortex is to carry abrasive particles on the
polished surface to achieve microcutting when there are no
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bubbles in the fluid field [36, 37]. However, the roughness
of the workpiece surface is still in the laminar state below
the peak, which will affect the smoothness of the processing.
When cavitation bubbles are injected into the fluid field, the
microjets and energy generated by bubble collapse can in-
crease the impact kinetic energy of the abrasive particles. In
addition, the turbulent energy induced at the interface of the
bubbles can enhance the degree of turbulence in the fluid field,
which not only improves the processing efficiency but also
ensures polished surface smoothness.

Figure 5a and b show that a single abrasive particle of mass
m,, impacts the polished surface at a certain velocity v, and
angle o. When the impact kinetic energy of the abrasive par-
ticles meets the plastic shear removal of materials, the method
of material removal is plowing and microcutting without ra-
dial cracks or lateral cracks. With the continuous impact of
abrasive particles on the workpiece surface, the materials in
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Lens: X 1000
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Fig. 4 Material removal principle of CGLSP process.a ’=0h.b7T=1h.¢T=2h
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the indentation area will accumulate and eventually form de- B
bris. Furthermore, the abrasive particles are subjected to a —(p) +V-(pu) =0 (1)

variety of forces in the bubble collapse shock environment,
which makes the abrasive particles appear disordered in the
direction of microscopic motion, resulting in material removal
as a result of comprehensive erosion of the abrasive particles
at various angles [6, 38]. Hence, the surface of the workpiece
can be polished without scratching in a single direction. The
cavitation erosion of the polished surface removes the mate-
rials at the protrusions of the workpiece surface, which forms a
smooth surface.

3 Numerical modeling

As indicated in Section 2, the flowing state is a gas-liquid-
solid abrasive flow in a limited physical space, which involves
the following four mathematical models: a fluid control mod-
el, a particle motion model, a cavitation model, and an erosion
model. The numerical simulation of the soft abrasive flow
based on cavitation effects is achieved using the fluid dynam-
ics software Fluent.

3.1 The Eulerian-Lagrangian model

The Euler multiphase flow model is widely used in fluid
analysis because it can better describe the interactions
among different phases. The mixture of the liquid phase
and vapor phase in the Euler model can be considered a
continuous medium, in which the continuity equation of
the mixed phase can be given as:

ot

where the density of the mixed phase p and vapor phase
volume fraction are defined as follows: p = p,ay+p; (1 —
ay) and oy = 1 — a,. u is the fluid velocity, and py, p,
and «, represent the vapor phase density, liquid phase
density, and vapor phase volume fraction. The momentum
conservation equation is as follows when the relative slip
velocity and volume force between the bubble and liquid
phase are ignored:

g(pu) + V-(puu) = VP + V- [;(Vu + Vu")|-F (2)

Here, ¢ denotes time, P refers to the pressure, and y is the
dynamic velocity. The value of F is 0 when only calculating
the continuous phase. In the coupled calculation of the gas-
liquid-solid three-phase medium described in this paper, F
only depends on the force of continuous relative discrete
particles.

According to the two-phase flow theory, the motion of the
abrasive particles is traced in the Lagrange framework [39].
The motion of abrasive particles can be expressed in a
Cartesian coordinate system as follows:

g(vr)

Pp

auy _ Fq(u—uy) +

dt + Fothcr (3)

where d/dt is the material derivative of the Lagrangian particle
moving with velocity u,, F4 describes forcing due to the drag,
and g is the gravitational acceleration. In these expressions,
F o, 1s all the force acting on particles in the fluid field. These
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other forces including the pressure gradient, Basset force,
Saffman’s lift force, Magnus’s lift force, thermophoresis
force, and buoyancy of the particles are often much smaller
than the drag force. In this paper, drag forces and the gravity of
particles are the dominant forces, while other forces with little
effect are ignored. The drag force can be calculated by the
drag force model proposed by Di Felice [39].

3.2 Cavitation model

The Rayleigh-Plesset equation [40] is as follows when the
relative slip velocity and volume force between the bubble
and liquid phase are ignored:

d*R, 3 (dRb\®> Py-P, 20
Re—5+5 2 ) = -
a2\ dt Pt PR
where o is the surface tension between the liquid and vapor
and P, and P,, are the pressure in the liquid at the bubble
boundary and local pressure of the fluid, respectively. Ry, rep-
resents the bubble radius, and 1 is the dynamic viscosity.

Sauer and Schnerr defined the evaporation and condensa-
tion phases as Eqgs. (5) and (6) [41]:

41, dRb
AT )

p Ry dt

3 [2(p-P)
Re = pvpl (=) = ) when P,=P (5)
3 [2p-r)
Re =P (1-ay) = ) when P,<P (6)
P Ry

where Py, are the internal pressure of vacuoles. P and P, are
the pressure and the saturated pressure at the local tempera-
ture, respectively.

The relationship between the vapor phase volume fraction
() and the number of bubbles () in a unit liquid volume
can be expressed as:

% ’/TR%
— 3 (7)

3
1 +an7TRk3>

Ay =

The relation of the radius of vacuoles (R},) can be given as:

a3\
Ry = 8
o <1av 47rnb) ®

In summary, the mutual transformation of the gas phase
and liquid phase in the fluid field can be represented by the
following equation:

0
E (Ctvpv) + V'(avpvu) =Re R (9)

@ Springer

In the Schneer-Sauer cavitation model, the bubble number
density determines the vapor volume fraction, so the only
empirically determined coefficient of the entire transport
equation is 7,,, which is defined as 10" [42].

3.3 Erosion model

When the abrasive particle bounces off the boundary after
hitting the surface, the loss of energy causes the particles to
rebound faster than the impact velocity. The momentum var-
iation is determined by the collision recovery coefficient,
which is decomposed into the normal recovery coefficient
and tangential recovery coefficient according to the rebound
velocity. The recovery coefficient formula obtained with
Forder [43] is given as:

en = ﬂ = 0.988-0.78(6) + 0.19(6)-0.024(har)’

+0.027(0)* (10)
% 2 3
e = —= = 1-0.78(6) + 0.84(6)°~0.21(0)

Vin

+0.028(6)*-0.022(0)° (11)

In this paper, the Oka erosion model is adopted to predict
the erosion behavior characteristics [44, 45]. Erosion damage
at arbitrary angles £(6) can be expressed in Eq. (12). E(6) and
Eyq denote a unit of material volume removed per mass of
particles.

E(0) = g(6)Eo (12)

Here, 6 is the impact angle. The value of Eqq can be calcu-
lated by Eq. (13). g(6) denotes the impact angle dependence of
the normalized erosion by the two trigonometric functions and
by the initial material hardness number Hv in units of
gigapascal, as shown in Eq. (14).

V k> D k3
Eoo = K(Hv)" (71;) (313)

g(0) = (sind)" (1 + Hv(1-sinb))™
ny = s (Hv)"' ny = s, (Hv)®

(13)

(14)
(15)

Here, n; and n, are exponents determined by the material
hardness and other impact conditions, as shown in Eq. (15). sy,
52, q1, and g are the fitting constants for the particle material.
K denotes a particle property factor that has no correlation
among different types of particles and other factors; ki, k,,
and k3 are exponential factors, especially k», which take indi-
vidual values based on the type of particle. For SiC abrasive
particles, k, can be presented as [44]:

ky = 3.0(Hv)""® (16)
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In this study, the values of the coefficients mentioned
above and exponents are listed in Table 1. The simulation is
conducted on TC4 titanium alloy and monocrystalline silicon,
and their material properties are summarized in Table 2. The
erosion model is given using a user-defined function (UDF) in
the Fluent software package.

4 Numerical simulation and result analysis

Based on the continuous medium hypothesis, an interphase
coupling solution method for the cavitation erosion phenom-
enon is proposed, and the procedures are shown in Fig. 6.
First, the mutual transformation of the gas phase and liquid
phase in the fluid field can be solved, and the vapor volume
fraction and vapor phase density are imported into the conti-
nuity equation. Then, the mixed medium of the liquid phase
and vapor phase is discretized with fluid grid cells, and the
governing equations are solved by the Euler method. If a sta-
ble solution is obtained, the relative velocities of particles and
fluids are calculated, so the interaction force will be obtained.
Subsequently, the motion equations of every particle are cal-
culated by the DEM method, and the particle trajectory and
kinetic characteristics of the particles are updated. At the same
time, the recovery coefficient formula obtained with Forder
can be obtained. Finally, the workpiece material properties
and kinematic parameters are input into the erosion frame-
work, the erosion behaviors are updated, and the material
removal characteristics are obtained. After one CFD time step,
the dynamic features of particles are input back into the fluid
grid cells, the vapor volume fraction and vapor phase density
are updated, and then, the numerical solver begins a new
round of iterative calculations to constantly update the erosion
characteristics.

4.1 Physical model and boundary conditions

To ensure the stability of the solution and the continuity of the
fluid field, the size of the particle should be smaller than that
of'the calculation grid [46]. As shown in Fig. 7, a grid model is
built, and the boundary conditions are confirmed. Due to the
large structural scale variation, tetrahedral grids are applied in
the major computational domain, and the local mesh encryp-
tion method is adopted to improve the calculation accuracy in
the constrained flow passage.

Table 1 The coefficient table of erosion model
Coefficients  k; k3 K K a1 9 v D
Value -005 019 071 0.14 28 -—1.00 99 326

Table 2 Property sheet of workpiece material

Materials TC4 titanium alloy Monocrystalline
silicon chip

Density (kg/m”®) 4500 2320

Vickers hardness (GPa) 33 7

To validate the grid independence of the simulation results,
three meshes are tested. Information on the number of cells
used in the mesh studies is listed in Table 3. In all cases, the
maximum fluid velocities in near-wall area are predicted by
the three-phase computational model. And inspection of
Table 3 indicates that the quantity of tetrahedral mesh cells
has little effect on the simulation accuracy, and the maximum
relative error is less than 3%. In this paper, mesh 2 is selected
for the subsequent numerical simulations. The final mesh
(mesh 2) resolutions on the polishing tool are depicted in
Fig. 7.

For all numerical simulations, the boundary conditions are
presented as follows: the inlet boundary condition uses the
velocity inlet, the outlet boundary condition uses the pressure
outflow, the wall condition adopts the no-slip boundary con-
dition, the abrasive particle is SiC, and the distance between
the CGLSP polishing tool and workpiece surface is 1| mm. We
adopt the semi-implicit pressure-linked equations algorithm to
address discrete pressure interpolation.

4.2 Simulation results and analysis

According to the Preston equation, it can be inferred that the
combined action of the dynamic pressure, fluid velocity, and
turbulent kinetic energy of the near-wall surface determines
the removal effect of the abrasive flow on the workpiece sur-
face. The validation procedures are mainly performed around
the abovementioned three key factors and the erosion behav-
ior characteristics.

Figure 8 shows the simulation results of the velocity profile
at the cross section of the model. From the contour of velocity,
it can be seen that the velocity distribution range essentially
covers the entire workpiece surface except for the central area.
It is noteworthy that an obvious increasing velocity trend is
found in the spiral area, in which the maximum fluid velocity
is approximately 28 m/s. The trends of variation in dynamic
pressure and turbulent kinetic energy are consistent with the
fluid velocity shown in Figs. 9 and 10. The reason is that
cavitation bubbles collapse in the fluid field, especially in
the spiral area, causing explosive cavitation shock and high-
velocity microjets. Therefore, when cavitation bubbles are in-
troduced into the fluid flow field, the turbulent kinetic energy
of the fluid and the random movement of abrasive particles
can be enhanced.
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Fig. 6 Interphase coupling solution method for cavitation erosion

By analyzing the dynamic characteristics of the cavitation
flow field, it can be suggested that the formation of cavitation
effects will definitely affect the material removal mechanism
for the CGLSP process. Considering the interplay of cavitat-
ing flow and particle motion, a simulation of the erosion mod-
el is conducted to predict the erosion rate and erosion depth of
the workpiece surface in a polishing process.

The simulation is conducted on silicon wafers and
TC4 titanium alloys, which are brittle and plastic mate-
rials, respectively. The corresponding cloud images of
erosion rate for brittle and plastic materials are shown
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in Fig. 11. The polished surface erosion rate Reosion 1S
given as:

N, .
particles mp ER

Rerosion = z A (17)
p=1 face
ER = 1.0 x 107 p E(6) (18)

Here, ER is the erosion ratio, which is defined as the
amount of mass loss of the polished surface material due to
particle impacts divided by the mass of particles impacting; py,
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Wall surface (a)

Inlet
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Fig. 7 Mesh generation and boundary conditions. a Front view. b
Axonometric

is the density of the polished surface materials, which are
silicon wafer and TC4 titanium alloy; Ag,. is the area of the
cell face at the wall; and m represents the mass rate of particles
impacting the cell surface. As shown in Fig. 11, the gas-liquid-
solid abrasive flow in the spiral area leads to severe erosion
due to high particle impact velocities compared to those in the
auxiliary processing area and vacuum area. This is because in
the spiral area, in addition to the leading role of the fluid phase,
particle motion is strongly affected by cavitation bubble col-
lapse, resulting in the improvement of the kinetic energy of the
fluid and the enhancement of abrasive particle movement.
The curves of the predicted erosion rate distribution for
brittle-plastic materials are shown in Fig. 12. The erosion rate
shows an increasing trend with the enhancement of the cavi-
tation erosion effect in the entire fluid field. This implies that
the spiral area will be the maximum material removal part,
while other parts will suffer a lower removal rate due to the
lack of an obvious effect of cavitation effects. Comparing the
simulated results of the two materials, the maximum erosion
rate on the TC4 titanium alloy is larger than that of the silicon
wafer under the same polishing conditions. The reason is that

Table 3  Grid independent verification

Mesh # Mesh cells Velocity (m/s) Relative error
620464 29.6 —

2 845682 30.2 1.5%

3 1003682 30.6 2.5%

the hardness of the silicon wafer is larger than that of the TC4
titanium alloy. It is also observed that the variation curve of
the predicted erosion rate distribution basically indicates an
M-shaped pattern, which is similar to the material removal
rules of other SAF polishing methods.

With the result of the predicted erosion rate, the rate of the
erosion depth ERyepy is calculated as:

Noparticles mp ER

ERgepth =
P p=1 Afacepw

(19)

Here, p,, is the density of the target surface material.
Following a period of fixed-point processing (7), the erosion
depth can be given as:

ED = Rerosion T (20)
Pw

Figure 13 shows the predicted erosion depth distribution
for different materials according to Eq. (20). As can be ob-
served in this figure, the predicted erosion depth shows an
increasing trend with an enhancing cavitation erosion effect,
which is consistent with the trend of the predicted erosion rate.
Another important point to note about this figure is that the
maximum erosion depth occurs in the spiral area where the
cavitation effects are quite intense, and hence, the material
removal rate in the spiral area is much greater than that in
the other area on the polished surface during a polishing pro-
cess. Thus, it is hypothesized that the CGLSP technique could
realize a much higher quality surface and polishing efficiency
than SAF processing.

With the information in Fig. 13, it can be seen that the
material removal function presents a W-shaped distribution.
To achieve material homogenization removal for large work-
pieces, the material removal curve on the adjacent polishing
path should have a certain degree of cumulative superposition.
Based on Eq. (20), the erosion depth function is related to
dwell time and material density; thus, the maximum erosion
depth and the corresponding position remain unchanged when
selecting the different dwell point spacings. Taking the pro-
cessing process for silicon chips as an example, the relation-
ship between reasonable dwell spacing points and the erosion
depth function is discussed. A schematic diagram of the dwell
point spacing is shown in Fig. 14, in which three erosion depth
curves are represented. The offset between the adjacent two
erosion depth curves is defined as the dwell point spacing.
Theoretically, when the two curves intersect at 1/2 of the max-
imum erosion depth (2M, = M), a uniform surface can be
obtained, and the processing efficiency can be greatly im-
proved. A reasonable dwell point spacing can be obtained
through analysis as follows:

d = 2x| (21)
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Fig. 8 Simulated fluid velocity profile at the cross section

Here, d is the dwell point spacing, and x, is the x-value
when the two curves intersect at 1/2 of the maximum erosion
depth, which can be obtained through numerical simulation.
To improve the surface quality, reasonable dwell point spac-
ing for two different materials is employed in the processing
experiments.

5 Experiment and result discussion
5.1 CGLSP experimental platform

To identify the effectiveness of the proposed method and
polishing tool, a CGLSP experimental platform is set up [47,

Mpa
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Fig. 9 Simulated pressure profile at the cross section
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48] as shown in Fig. 15. The abrasive particles and deionized
water are well mixed in the tank to form a liquid-solid two-
phase flow. Then, the mixed medium is injected into the
polishing tool after passing through the manometer and flow-
meter [49]. The fluid flow state during processing is moni-
tored through the valve, pressure gauge, and flowmeter.
Meanwhile, the work of the processing process is controlled
by the control system [50-52].

Corresponding to the simulation experiment, the work-
piece materials used in this experiment are silicon wafer and
TC4 titanium alloy. The 4000# SiC abrasive combined with
deionized water is used as the polishing slurry, with particles
of an average size of 3.2 um. It should be noted that the SiC
abrasive particles are brittle materials, and they experience no
phase transition during the polishing process [53].
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Fig. 10 Simulated turbulent kinetic energy profile at the cross section
5.2 Experimental results and discussion

Based on the above experimental platform, two groups of
processing experiments are conducted. In addition to abrasive
particles, cavitation bubbles are generated by the constrained
fluid channel during the processing process to erode the work-
piece surface. As a result of controlled polishing due to cavi-
tation erosion-aided abrasion, large stock material from the
workpiece surface including larger sized irregularities can be
removed during the CGLSP process.

As seen in Fig. 16, the predicted erosion depth profiles are
compared with the experimental profile for different materials.
The left part of each figure in Fig. 16 is the comparison of
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practical and simulation erosion depths, while the right part is
the deviation between them. It is noted that the practical ero-
sion depths for plastic-brittle materials agree reasonably well
with the predicted results, which validates the effectiveness of
the proposed computational modeling approach. However,
influenced by the measurement errors and the precision of
the processing tool, the practically generated erosion depth
profile does not conform with the predicted results in vacuum
areas and spiral areas. This is the main reason for the deviation
between the simulation and experimental results. In addition,
there are some assumptions made in the cavitation erosion
model mentioned in Section 3, resulting in differences be-
tween the predicted and experimental results. In subsequent

Erosion rate xe~/kg/(m?:s)

0.00

Fig. 11 Cloud images of erosion velocity on different material surfaces. a Polishing on silicon wafer. b Polishing on TC4 titanium alloy
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Fig. 12 Predicted erosion rate distribution of different materials. a Polishing on silicon wafer. b Polishing on TC4 titanium alloy

research, to reduce related errors, relevant empirical parame-
ters should be modified according to the practical processing
conditions.

To further validate the potential impact of the CGLSP pro-
cess on the material removal mechanism of brittle-plastic ma-
terials, the polished surface texture is examined with scanning
electron microscopy (SEM) [54]. In-situ SEM observation is
performed in the same region of the cross-section surface of
the two materials after the polishing process to acquire more
detailed information on the material removal mechanism in
CGLSP process. Figure 17 clearly shows the surface micro-
structures of the TC4 titanium alloy and silicon wafer before
the polishing process, particularly the locations highlighted by
rectangles and circles. As shown in Fig. 17a, numerous frac-
tures with considerable damage zones and residual
microcracks can be found in the original workpiece surface
of TC4 titanium alloy. Because of its high strength and high
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compactness, residual pores and massive structures are evi-
dent on the original surface of the silicon wafer, as shown in
Fig. 17b. It has been reported that cavitation erosion initially
occurs at or around pre-existing pores and cracks and then
increases during the cavitation erosion process [55].
Therefore, these surface irregularities present in the polished
surface can be preferentially eroded in polishing process.
Based on SEM observations, a conceptual representation of
the material removal mechanism in the CGLSP process is
presented. Figures 18 and 19 clearly show the microstructural
transformation of the TC4 titanium alloy and silicon wafer,
respectively. The primary erosion mechanism that contributes
to material removal is of interest in this study. Compared with
the original polished surface, it is apparent that the surface
quality for brittle-plastic materials is improved greatly by
means of the CGLSP process. When processed for 0.5 h, as
seen in Fig. 18a and b, there are still some obvious
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Fig. 13 Predicted erosion depth distribution of different materials. a Polishing on silicon wafer. b Polishing on TC4 titanium alloy
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Fig. 14 Schematic diagram of
dwell point spacing selection
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microcracks and damage zones in the polished surface.
Material removal is not observed on the polished surface,
and no improvements in polished surface quality are achieved
during the initial polishing phase. With a further increase in
the polishing time to 2 h, the crack areas show a significant
reduction and begin to form a relatively smooth surface, as
shown in Fig. 18c and d. Hence, the removal of larger irreg-
ularities depends mainly on the polishing time. Similarly,
when polished for 0.5 h and further to 2 h, pores and massive
structures are eroded, and the polished surface of the silicon
wafer is improved to some extent, as shown in Fig. 19. An
increase in the cavitation erosion effect can result in the further
removal of surface irregularities and smooth the entire
polished surface of the workpiece. Inspection of the SEM
morphology (Figs. 18 and 19) indicates that cavitation erosion
effects initially occur around pre-existing pores and cracks.
The shock waves due to cavitation bubble collapse that act
on the polished surface have the noticeable effect of causing
the reduction of pores and microcracks. As a result of con-
trolled polishing because of cavitation erosion and the pres-
ence of abrasive particles, larger irregularities from the work-
piece surface, including pores and microcracks, can be re-
moved, and a better surface quality is obtained. According

Fig. 15 CGLSP experimental platform. 1, booster pump; 2, abrasive flow
tank; 3, experiment platform; 4, control cabinet; 5, sports platform; 6,
flowmeter; 7, manometer; 8, gas source

-30 -20 -10 0 10 20 30 40 50 60 70 80
Processing distance /mm

to the topography analyses, the material removal mechanism
due to cavitation erosion aided by abrasive particles in three-
phase flows is illustrated, and the effectiveness of the CGLSP
method is validated.

6 Conclusions

To overcome the low material removal rate of soft abrasive
flow (SAF) for large workpieces, a cavitation-based gas-
liquid-solid abrasive flow polishing (CGLSP) process is pro-
posed. The corresponding computational modeling method
and processing experiments are performed to reveal the mate-
rial removal mechanism, and the main conclusions are as
follows:

1) Through a surface-constrained module, a polishing tool
constructed using a multi-inlet constrained fluid channel
for brittle-plastic material processing is designed in which
bubbles are generated into the abrasive flow to enhance
the processing efficiency.

2) Based on an Eulerian-Lagrangian framework, cavitation
model, and Oka erosion model, a coupling computational
fluid dynamics model is built, and realistic erosion pre-
diction results are produced.

3) The simulated results reveal that erosion of the workpiece
surface mainly occurs in the spiral area of the polishing
tool; the predicted erosion rate and erosion depth show an
increasing trend with increasing of cavitation intensity;
homogenized material removal for large workpieces can
be achieved by selecting a reasonable dwell point
spacing.

4) A CGLSP polishing platform is set up, and extensive
experiments are conducted. The experimental results
show that the proposed CGLSP method can realize a
much higher quality surface and polishing efficiency on
large workpieces.

In general, this research not only proposes a computational
modeling method to predict the potential effect of cavitation
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Fig. 16 Comparison of erosion depth between the experiment and simulation results. a Erosion depth of the polishing on silicon wafer. b Erosion depth

of the polishing on TC4 titanium alloy

erosion on the CGLSP technique but also reveals the material
removal mechanism during polishing through a series of ex-
periments. Subsequent research will be performed on the de-
sign of highly erosion-resistant polishing tools and the effect
of abrasive hardness on the material removal process.

Nomenclature p,, Vapor phase density; p;, Liquid phase density; a,
Vapor phase volume fraction; «;, Liquid phase volume fraction; u,
Velocity vector; p, Dynamic velocity; F, Reaction force of discrete par-
ticles relative to continuous phase in unit volume; #, Time; Fy, Drag force;
F oher, Force acting on particles; u,,, Particle velocity; g, Gravitational
acceleration; pp, Particle density; p, Water density; N, Number of particles
per unit time; m,,, Mass of the particle; v, Impact velocity of the particle;
111, Dynamic viscosity; Ry, Radius of vacuole; R., Radius of condensation
phase; R., Radius of evaporation phase; P..,, Local pressure of the fluid;
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Py, Bubble surface pressure; P, Medium pressure in the flow field; P,,
Saturated vapor pressure of the medium; 7;,, Number of bubbles in a unit
liquid volume; v, Rebound velocity; v;,, Incoming velocity; e,, Normal
recovery coefficient; e, Tangential recovery coefficient; 6, Impact angle;
E(0), A unit of material volume removed per mass of particles; ny, ns,
Exponents; s1, 52, ¢1, ¢», Fitting constants; K, Particle property factor; &1,
ky k3, Exponent factors; Rerosion, Erosion rate; ER, Erosion ratio; py,
Density of the target surface materials; A, Erosion area; m, Mass rate
of particles impacting the cell surface; ER gepm, Rate of the erosion depth;
T, A period of fixed-point processing; d, Dwell point spacing; xo, x-value
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