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In order to realize the uniform distribution in the abrasive flow polishing of the titanium alloy
workpiece with curved surface, a novel method based on the liquid metal-abrasive flow
machining technology is proposed in this study. Based on the SST k-ω model, Preston
model and fluid flow particle tracking model, the COMSOL software is employed to study
the dynamic characteristics of liquid metal-abrasive flow under different AC electric field
conditions, and the two-phase flow field is used to simulate the liquid state, the movement
of liquid metal particles on the surface of the workpiece and the varitation of the Pv value in
the near-wall region. It is found from numerical simulation results that the average Pv value
in the strong flow field is 23,718.8W/m2, and that in the weak flow field is 5,427.3W/m2.
By the assistance of the electric filed with the voltage of AC 36 V, the average Pv value of
the liquid metal particles in the weak flow field is found to be 10,948.6W/m2 with an
increase of 101.7%. Therefore, to properly control the electric field strength, the movement
of liquid metal in the flow field can be found to be controlled, and hence improving the
uniformity of the turbulent kinetic energy on the workpiece surface and improving the
processing quality.
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INTRODUCTION

With the development of aerospace science and technology, the performance requirements of aero-
engine has been greatly improved. As one of the core components in aero-engine, aviation blades
play an important role in improving the overall performance of the engine (Huang et al., 2021). The
profile accuracy of the blade has an important impact on its aerodynamic performance, and the aero-
engine blade with poor profile accuracy would result in its fatigue failure, deformation or fracture
under high-temperature and high-pressure environments (Huai et al., 2017; Yao et al., 2020).

To ensure the stability of the airflow field and reduce the energy loss of airflow, the aero-engine
blade has a gradually increasing twist angle from the blade root to the blade tip, which makes the
curvature of blade surface and is a typical non-uniform curvature surface part. The workpiece with
non-uniform curvature surface mainly has special characteristics, such as a certain curvature with the
concavity and convexity. At present, the workpiece with non-uniform curvature surfaces is mainly
processed by manual polishing, grinding wheel polishing, and belt polishing. Manual polishing has
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disadvantages of low efficiency, high labor intensity and unstable
machining quality (Zhu et al., 2021). However, the processing
accessibility of the grinding wheel for the complex inner surface is
not suitable, and in the grinding wheel polishing process, the
grinding heat will be generated in the contact area and the
thermal damage will often occur on the target surface (He
et al., 2018; Huai et al., 2019; Xian et al., 2020). Moreover, due
to the elastic contact between the belt grinding and workpiece,
there are many factors affecting the material removal process, and
hence leading to the difficulty in controlling the material removal
rate by belt grinding (Luo et al., 2020).

Abrasive flow polishing is an effective surface processing
method, which has the good profiling properties and is suitable
for processing the non-uniform curvature surface. However,
under the strong action of the abrasive flow, the machined
surface will leave processing stripes with obvious
directionality, and it will also cause the workpiece to be
deformed (Hu et al., 2022; Qi et al., 2022). In addition, the
non-uniform curvature of the workpiece makes the flow field
to be uneven on the target surface, which would result in the
insufficient-polishing at the weak flow field surface while the
over-polishing at the strong flow field, and hence affecting the
quality of the machined surface (Wang et al., 2018).

To improve the uniformity of the abrasive flow polishing
process, Zhai et al. combined the vibration with the chemical
mechanical polishing for improving the polishing uniformity
of silicon wafer during the chemical mechanical polishing
process (Zhai et al., 2017). By adding the ultrasonic
vibration into the abrasive flow, Beaucamp et al. increased
the turbulence intensity of the flow field for improving the
surface polishing quality (Beaucamp et al., 2018). Moreover,
Liu proposed the electrochemical assisted abrasive flow
polishing method, which used electrochemical dissolution to
improve the polishing efficiency and uniformity (Liu, 2018).
Zhu proposed a novel abrasive flow polishing method by using
the magnetic particles, and it could use the effective magnetic
field control to determine the movement of magnetic particles
and then improving the polishing uniformity (Zhu, 2020).

In this paper, a novel liquid metal-abrasive flow polishing
method which consists of the gallium-based liquid metal,
weak viscous fluid and abrasive particles is proposed to
overcome the difficulties in polishing non-uniform
curvature surfaces of titanium alloy. A liquid metal-
abrasive flow model is first developed, and then the
dynamic characteristics of liquid metal under the action of
the flow field and electric field are tracked and analyzed
numerically, by which the mechanism of liquid metal-
abrasive flow polishing process can be further investigated.
Gallium-based liquid metal has been widely used due to its
good fluidity, high chemical stability, excellent electrical
conductivity and non-toxicity (Daeneke et al., 2018).
Gallium-based liquid metal is a liquid at room temperature,
which has a small cutting effect on the target surface, and its
driving characteristics under the action of the electric field can
be used to realize the controlled flow of liquid metal particles,
so as to increase the kinetic energy of abrasive particles and
improve the uniformity of the overall polishing.

PRINCIPLE OF LIQUID METAL-ABRASIVE
FLOW POLISHING

In the abrasive flow polishing process, due to the characteristics of
the curved surface, the flow field on the target surface is not
uniform, which could result in a certain difference in terms of the
turbulent kinetic energy at different regions of the workpiece, and
the average of turbulent kinetic energy IT can be defined as
follows:

IT � ∑N

1
ITi

N
(1)

where N is the number of workpiece surface elements and ITi is
the turbulent kinetic energy at the unit surface of the workpiece.
When the average turbulent kinetic energy of a certain area on the
target surface is less than the average turbulent kinetic energy on
the entire target surface, this certain area is defined as a weak flow
field. Due to the turbulent kinetic energy difference between the
weak flow field and the strong flow field, the cutting performance
of the abrasive particles in these two regions is different as well,
and hence affecting the overall surface polishing uniformity.

Liquid metal-abrasive flow machining combines the gallium-
based liquid metal particles with the abrasive flow. By applying an
electric field at the weak flow field, it would enhance the
movement of abrasive particles in the weak flow field and
improve their cutting performance. The abrasive particles
could move randomly under the action of the liquid carrier in
the turbulent flow channel, and perform the random cutting
actions on the target surface, thereby realizing the polishing of the
target surface. The principle of liquid metal-abrasive flow
polishing is shown in Figure 1.

According to the influence of electric field on liquid metal
particles, three areas can be divided as shown in Figure 1,
i.e., inactive area, buffer area and active area. In the inactive
area, the effect of the electric field on liquid metal particles is
weak, which can be considered as particles only affected by the
flow field. When the liquid metal particles are close to the electric
field, that is, entering the buffer area these particles begin to be

FIGURE 1 | Principle of liquid metal-abrasive flow polishing: 1-Abrasive
particle, 2-Electrode, 3-Liquid metal particle, 4-Workpiece, a-Inactive area,
b-Buffer area, c-Active area.
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affected by the electric field, and the interactions between the
liquid metal particles and the abrasive particles become
frequently, which can increase the kinetic energy of the
abrasive particles. The, when the liquid metal particles enter
the active area, the effect of the electric field on these particles is
significantly enhanced, and a large number of collisions occur
between the liquid metal particles and abrasive particles, which
makes the impacts of abrasive particles on the target surface more
frequently, thereby further improving their cutting performance.

MATERIAL REMOVAL MODEL OF LIQUID
METAL-ABRASIVE FLOW POLISHING
Modelling of Force Caused by the Liquid
Metal Under the Electric Field
The gallium-based liquid metal reacts slowly with NaOH to
produce [Ga(OH)4]

- ions, which carries a large amount of
negative charge on the surface of liquid metal droplets. These
charges will form an electric double layer corresponding to the
free ions. When there is no voltage applied externally, these
negative ions are uniformly distributed on the surface of the
liquid metal droplet, where the surface tension of the liquid metal
droplet is symmetric. When the external electric field is applied,
the surface charge of the liquid metal is redistributed due to the
good conductivity of the liquid metal, and the electric equilibrium
state can be reached according to the Lippmann equation:

γ � γ0 −
cV2

2
(2)

Where γ, c, and V are, respectively, the surface tension, the
capacitance and the potential difference across the electrical
double layer. γ0 is the maximum surface tension when V = 0.
Thus, it can be found that the driving force of liquid metal
particles is the resultant force of the driving force on the unit
surface, as shown in Figure 2.

The electric field driving force FE can be expressed as:

FE � ∑n
k�1

ΔPk
S
n

(3)

where n is the number of surface units with the same area and
capacitance divided by the surface of liquid metal particles, S is
the surface area of liquid metal particles, ΔPk is the surface
pressure difference of surface element k, and the direction
points to the curvature center of the surface element.
According to the Young–Laplace equation it can obtain that:

ΔPk � 2γk
R

�
2[γ0 − c

2
(V0 + Δuk)2]
R

(4)

where R is the radius of curvature, Δuk is the change of the
potential difference between the two ends of the electric double
layer on the surface element k under the action of an external
electric field, δV0 is the initial potential of the electric double layer
Its value is the ratio of charge to capacitance in the electric double
layer (Yang et al., 2016; Li et al., 2019). Since an AC electric field is
applied externally, the surface of the liquid metal is an induced
electric double layer, and its potential difference changes can be
taken from:

Δuk � 1
1 + δ

Re(( ~∅AC − ~∅O
AC)ejωt) (5)

where δ is the surface capacitance ratio, ~ϕAC is the AC potential
outside the electric double layer, ~ϕ

o
AC is the liquid metal body

potential, and ω is the AC signal frequency.

Material Removal Modelling of the Liquid
Metal-Abrasive Flow Polishing Process
The Preston equation is an empirical formula widely used in
developing the material removal model in the abrasive machining
technology, which can be taken from:

Δz � ∫t
0

kppvdt (6)

where Δz is the amount of material removal, kp includes some
factors related to the properties of the abrasive, p is the contact
pressure of abrasive particles in the near-wall region and v is the
relative velocity of abrasive particles in the near-wall region (Ji
et al., 2011).

In the liquid metal-abrasive flow polishing process, both the
liquid metal particle size and the abrasive particle size will have a
certain influence on kp. When the liquid metal particles are too
large, they will be deposited at the bottom of the flow field, and the
driving effect of the abrasive particles in the weak flow field
decrease, thereby reducing the material removal amount. If the
diameter of the liquid metal particles is too small, the driving
force for the abrasive particles is small and the control effect
seems not good. The liquid metal-abrasive flow polishing method
mainly uses the solid-liquid two-phase flow in a turbulent state to
produce abrasive cutting actions on the target surface. During this
process, when the diameter of the abrasive particles is large, the
force on the target surface is large, but it is not conducive to the
formation of turbulent flow with large abrasive particles, so that
the abrasive particles should be of appropriate size.

FIGURE 2 | Schematic of the electric field force of liquid metal particles.
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When the abrasive particles contact with the target surface, the
abrasive particles will squeeze the contact point and generate the
contact pressure, which can be expressed as:

p �
������
4EpFN�

3
√

√
(7)

where Ep is the elastic contact modulus between the target surface
and the abrasive particles, FN is the normal force acting on the
abrasive particles (Dong, 2012). In the weak flow field, the force
between the liquid metal particles and the abrasive particles is
weak, so that the force of liquid metal particles on the abrasive
particles is mainly considered.

Since the hardness of liquid metal particles is much less than
the hardness of abrasive particles, so that when these two particles

collide with each other, the liquid metal particles will be
deformed. The physical model of soft collision is equivalent to
a set of spring-damper-slider, which considers the elastic effect,
buffering effect, friction slip, rolling and locking of solid particles
during the collision. In the soft collision model, it is assumed that
the shape of particles remains unchanged during the collision, but
overlaps with each other, as shown in Figure 3, in which δ is the
superimposed amount of particles and abrasive particles.

In the soft collision process, the normal force received by the
abrasive particle consists of two parts which are spring force and
damping force. Combined with Hertzian contact theory, the
normal force received by the abrasive particle is expressed as:

Fn

→ � ( − knδ1.5n − ηn �G · �n) �n ≈ FE cosθ (8)

Where kn is the normal elasticity coefficient, δn is the normal
superposition between particles, �G is the relative velocities of the
two particles, ηn is the normal damping coefficient, and θ is the
collision angle.

During the liquid metal-abrasive flow polishing process, the
velocity of abrasive particle is affected by multiple forces, as
shown in Figure 4, and it can be expressed as:

mi
dvi
dt

� ∑ F � F1 + F2 + G (9)

Where G is gravity, F1 is the force of liquid metal particles on
abrasive particles, F2 is fluid force, and m2 is the mass of a single
particle.

In the liquid metal-abrasive flow polishing process, the
collision between the liquid metal particles and abrasive
particles can change the relative velocity of the abrasive
particles in the near-wall area. The schematic of the collision
between the liquid metal particles and the abrasive particles is
shown in Figure 5, where v1 and v2 are the motion velocities of

FIGURE 3 | Schematic of normal superposition in the soft collision.

FIGURE 4 | Mechanical model of abrasive particle.

FIGURE 5 | Collision of liquid metal particles and abrasive particles.
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liquid metal particles and abrasive particles, respectively, and ω1

and ω2 are the rotation speed of liquid metal particles and
abrasive particles, respectively.

The velocity S of the liquid metal particles relative to the
abrasive particles is:

S � v1 − v2 (10)

The normal unit vector n when the liquid metal particle
collides with the abrasive particle is:

n � r1−r2
|r1−r2| (11)

Where r1 and r2 are the centroid position vector of the liquid
metal particle and the abrasive particle respectively. The normal
vector Sn and tangential vector St of the relative velocity are:

FIGURE 6 | (A) Flow channel meshing in simulation, (B) Titanium alloy workpiece, (C) Schematic representation of inside flow channel: 1-Flow field entrance, 2-
Electrode, 3- Titanium alloy thin-walled curved parts, and 4- Flow field exit.

TABLE 1 | Parameters of model geometry.

Parameters Length, m Width, n Curvature, R Total height, H Total length, L Inflow length, d Inflow width, h

Value (mm) 50 40 20 30 140 10 18

TABLE 2 | Simulation parameters.

Simulation parameters Value

Thin-walled curved workpiece material Ti-6Al-4V titanium alloy
fluid density ρ1/kg ·m−3 1000
conductivity S/m 9.7
Abrasive particle density ρ2/kg ·m−3 3200
The average diameter of abrasive particles d/μm 50
Abrasive particle volume fraction V1/% 10
The volume fraction of liquid metal particles V2/% 5
Liquid metal particle density 6400
Flow channel voltage V3/V 36 V alternating current with frequency of 50 Hz
The average diameter of liquid metal particles D/mm 1
Fluid inflow conditions 1, 3 and 5 m/s
Fluid outlet conditions p = 0
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Sn � (S · n)n (12)
St � S − Sn (13)

Assuming that the liquid metal particles and abrasive particles
do not rotate during the collision, and the tangential vector before
and after the collision remains unchanged, then there is:

St � Sn (14)
The velocity after the normal collision is:

v′ � −ev (15)
Thus, it can be concluded that the velocity of the abrasive

particles after the collision is:

v′2 � v2 − m*

m2
(1 + e)(S · n)n (16)

Where mp is the effective mass, e is the coefficient of restitution
and m2 is the mass of abrasive particles.

In summary, the material removal model of the liquid
metal-abrasive flow polishing process under the electric field
is taken from:

Δz � ∫t

0
kp

�����������������������������������������������������������������������������
4Ep · 31

2⎛⎝∑n
k�1

2[γ0 − C
2

(V0 + 1
1+δRe(( ~∅ AC − ~∅ O

AC)ejωt))2]
R

S
n
⎞⎠cosθ(v2 − m*

m2
(1 + e)(S · n)n)dt

√√√
(17)

Where kp is the abrasive factor, Ep is the elastic contact modulus
between the machined surface and the abrasive particles, n is the
number of surface units with the same area and capacitance
divided by the surface of liquid metal particles, γ0 is the maximum
surface tension when V = 0, C is the capacitance per unit area, R is
the radius of curvature, δ is the surface capacitance ratio, ~ϕAC is
the AC potential outside the electric double layer, ~ϕ

o
AC is the liquid

metal body potential, ω is the AC signal frequency., V0 is the

initial potential of the electric double layer, S is the surface area of
liquid metal particles, θ is the collision angle, v2 is the velocity of
abrasive particles before impact, mp is the effective mass; e is the
coefficient of restitution;m2 is the mass of abrasive grains, S is the
relative velocities of the two particles, n is the normal unit vector
when the liquid metal particle collides with the abrasive particle.

NUMERICAL SIMULATION AND ANALYSIS

Model Development and Boundary
Conditions
In the liquid metal-abrasive flow polishing process, the fluid is
considered as the carrier to take the abrasive particles and the

FIGURE 7 | Flow field characteristics: (A) Velocity distribution at inlet 1 m/s, (B) Velocity distribution at inlet 3 m/s, (C) Velocity distribution at inlet 5 m/s, (D)
Pressure distribution at inlet 1 m/s, (E) Pressure distribution at inlet 3 m/s, (F) Pressure distribution at inlet 5 m/s.

FIGURE 8 | Pv value of flow field on the target surface.
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liquid metal particles. Based on the characteristics of liquid
metal-abrasive flow, the SST k-ω turbulence model is selected
in COMSOL software to simulate the flow field in this study.
Further, the simulation in this paper is composed of upper and
lower electrodes, thin-walled curved parts and abrasive flow
channels. In order to study the processing of non-uniform
curvature surfaces by liquid metal-abrasive flow polishing, the
minimum structural unit of non-uniform curvature surface
with the same curvature and concave-convex properties is
selected, and the thickness of the surface structure is 2 mm.
The upper surface of the workpiece is divided into region I and
region II, as shown in Figure 6, and the parameters of model
geometry are given in Table 1. According to previous
simulation and calculated algorithm related to the abrasive
flow machining process (Zhang et al., 2019; Xie et al., 2021; Ji
et al., 2022), in this simulation the simulation parameters are
given in Table 2.

Flow Field Analysis
The workpiece to be polished is with a non-uniform curvature
surface, when the abrasive flow contacts with the target surface
the relative velocity and pressure of the abrasive particles on the
surface are different. As shown in Figure 7, the arrow direction
indicates the direction of the flow field, and it can be seen from the
figure that due to the structural characteristics of the workpiece,
the turbulent flow energy in region II is less than that in region I.
According to Preston equation, the amount of material removal is
positively proportional to the relative velocity, v, and pressure, P,
thus, in order to present the surface characteristics of the
workpiece more clearly, the Pv value curve is calculated by
considering the velocity and pressure values on the target
surface, as shown in Figure 8, which is used to evaluate the
polishing performance of surface in simulation.

Particle Trajectory Induced by Liquid Metal
In the liquid metal-abrasive flow polishing process, the electric
field is mainly used to affect the liquid metal, thereby driving the
abrasive particles to impact the target surface. The electric field
has a gradual effect on the liquid metal particles, and its trajectory
is affected by the flow field and the AC electric field as well.
Figure 9 shows the trajectories of liquid metal particles under
different voltages.

When there is no electric field applied, the liquid metal
particles are not affected by the force induced by the electric
field, and the trajectories of the liquid metal particles are only
affected by the turbulence of flow field, as shown in Figure 9A.
When the AC electric field is applied, the liquidmetal particles are
significantly affected, and it is found from Figure 9 that with an
increase of the voltage the liquid metal particles would diverge in
more directions when passing through the electric field.

Then, a quantitative analysis on the Pv values under different
conditions has been conducted, as shown in Figure 10, where
Pv1, Pv2, Pv3 are the average Pv values of pure flow field region I,
pure flow field region II and region II under the with the liquid

FIGURE 9 | Trajectories of liquid metal particles under different voltages.
(A) 0 V, (B) 6 V, (C) 12 V, (D) 24 V, (E) 36 V.

FIGURE 10 | Comparison of Pv values under different conditions.
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metal. It can be found from Figure 10 that Pv1 value is
23,718.8 W/m2, Pv2 value is 5,427.3 W/m2 and Pv3 value is
10,948.6 W/m2, which indicates that with the assistance of the
liquid metal the average Pv value at the weak flow field increases
by about 101.7%, and thus, according to the simulation results
that the effect of liquid metal particles can significantly improve
the polishing uniformity of the entire workpiece surface.

CONCLUSION

A novel liquid metal-abrasive flow polishing method was
proposed in this study, and the material removal model of the
liquid metal-abrasive flow polishing process has been
theoretically developed. Then, according to the SST k-ω
model, Preston model and fluid flow particle tracking model,
the numerical investigation has been carried out in COMSOL to
study the dynamic characteristics of liquid metal-abrasive flow
under different AC electric field conditions, and the two-phase
flow field has been used to simulate the liquid state, themovement
of metal particles on the surface of the workpiece and the change
of the Pv value in the near-wall area during the movement. It is
found from numerical simulation results that the average Pv value
in the strong flow field is 23,718.8 W/m2, and that in the weak
flow field is 5,427.3 W/m2. By the assistance of the electric filed
with the voltage of AC 36 V, the average Pv value of the liquid
metal particles in the weak flow field is found to be 10,948.6 W/
m2 with an increase of 101.7%. By adjusting the magnitude of the

electric field strength, the movement of liquid metal in the flow
field can be found to be controlled, and hence improving the
uniformity of the turbulent kinetic energy on the workpiece
surface and improving the processing quality. The related
research work in this study could provide a good reference for
the abrasive flow polishing of curved surface.
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