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Featured Application: The study of the material removal mechanisms in ultrasonic abrasive
polishing provides technical support for the surface modification of metal-based additive
manufactured components which have poor surface quality. In addition, the technology can
be further applied to smoothing various complex shapes and the internal features of both metal
and non-metal parts, due to the use of loose abrasive particles and the possibility of uniform
material removal process.

Abstract: Powder-based layered Additive Manufacturing (AM) techniques lead to high surface
roughness, due to the balling and partial melting of powders, which cannot satisfy the requirements
of design and practical use. Consequently, until there is a significant step-change in the resolution of
AM technology, finishing processes will be a necessary step in the additive manufacturing process.
In this work, ultrasonic abrasive polishing experiments are conducted with the aim of improving the
surface quality of additive manufactured components. The roles of cavitation bubbles and abrasive
particles in material removal are discussed. The impact action of abrasive particles is simulated using
the Smoothed Particle Hydrodynamics (SPH) method. The effects of ultrasonic output power and the
concentration of abrasive suspension on machining characteristics are also examined. It is found
that the cavitation bubble collapse in ultrasonic polishing can remove the partially melted structures
efficiently, and further roughness improvement could be obtained using the micro-cut and impact of
abrasive particles in the slurry. An increase in the ultrasonic output power and abrasive concentration
within a certain range lead to a more desirable polishing effect.

Keywords: ultrasonic abrasive polishing; additive manufacturing; smoothed particle hydrodynamics;
cavitation; abrasive

1. Introduction

Additive Manufacturing (AM) technology has developed rapidly over the past two decades.
Metal-based AM techniques represented by Powder Bed Fusion (PBF) have advantages, including
the production of fine features with great geometrical accuracy and high-strength-to-weight ratios.
However, its forming mechanism, based on the melting of metal powders, induces the agglomeration
of partially melted powders and a balling phenomenon in the process [1]. Therefore, the average
roughness (Ra) of metal-based AM parts is generally higher than 10 pm [2], which not only affects
the appearance, but also greatly influences several functional properties, including fatigue resistance,
friction performance and heat transfer [3-5]. Accordingly, post-process finishing is required to improve
the surface quality of AM parts [6,7].
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AM parts always have complex shapes and features, which makes the finishing process difficult.
Several surface modification processes for AM parts have been reported in the literature. However,
each process has limitations and complexities. Implementing hand polishing as one of the main
finishing processes for AM parts would increase the labor cost and time, and the surface quality
would be poor. Laser polishing, chemical polishing, electrochemical polishing, and abrasive flow
polishing have shown great potential for the treatment of the surfaces of AM parts. Laser polishing is
efficient and can directly use the laser source of laser melting deposition equipment, but this technique
is prone to causing thermal damage [8] and is more difficult to irradiate with uniform intensity on
complex surfaces, which leads to deviations from the designed geometry [9]. Chemical polishing
and electrochemical polishing can effectively treat all kinds of freeform surfaces, lattices and porous
structural parts [10,11], but do not solve the environment, health and safety problems. In addition,
the electric field is limited inside deep cavities in electrochemical polishing, and therefore the internal
finishing may be not uniform [11,12]. Abrasive flow machining is an effective process of polishing
metal-based AM parts with complex internal cavity and channel structures [7]. However, this method
needs to design and control the flow channel for a specific target part, and problems such as the
embedding of abrasives and the edge/corner rounding of the parts must be solved [13,14]. Therefore,
it is important to exploit new solutions for AM part polishing whilst considering how to maintain the
satisfactory geometry and application of the parts.

The mechanical effects of ultrasonic power have been widely used in the removal of materials, such
as in UltraSonic Machining (USM) technology. A large number of studies have reported the attractive
processing capability of USM for fabricating complex shapes, deep holes, and high-aspect-ratio
micro-structures on hard and brittle materials [15-17]. In the USM process, an ultrasonically vibrated
tool is used in conjunction with a liquid slurry for material removal. A large number of micro-sized
abrasive particles suspended in the slurry flow through the working area and hammer the workpiece
repeatedly by the propulsion of the vibrated tool. This induces countless, tiny brittle fractures and
removes the material. Despite this, it is reported that USM can also work on the surface in a ductile
removal mode, and form tiny machining marks through bubble cavitation and the micro-cut/impact of
the abrasive particles [18,19]. Therefore, USM has great potential for use in polishing processes which
require no material removal, or only very little material removal.

In this study, the ultrasonic abrasive polishing process is proposed to improve the surface quality
of metal-based AM parts, which is based on the USM principle and has several advantages including
its low cost, ease of operation, and absence of thermal or chemical damages. The cavitation effect in
this process is reported as being effective for removing partially melted powders on the surfaces of AM
parts [4]. In addition, loose abrasive particles in the slurry can reach any intricate surface, which is
more suitable for the polishing of geometrical freedom AM components.

This work aims to explore the machining capability of ultrasonic abrasive polishing in smoothing
metal-based AM components. Experiments are conducted to improve the surface quality of SLM-built
Inconel 625 specimens using a high-power ultrasonic generator. Silicon carbide mixed with water
is used as the slurry. The impact action of the abrasive particles is simulated using the Smoothed
Particle Hydrodynamics (SPH) method. The roles of cavitation bubble collapse and the impact
of abrasive particles in the polishing process are discussed. The effects of important processing
parameters, including ultrasonic output power and concentration of abrasive suspension on machining
characteristics, are examined.

2. Materials and Methods

2.1. Materials

The slurry used in this study was a mixture of silicon carbide particles (particle mean size: 9 pm)
and water. The target Inconel 625 specimen was manufactured by a SLM equipment (FARSOON,
Changsha, China) with a scanning speed of 7.6 m/s. The metal powder size ranged from 15 to 53 um.
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The powder bed depth was 0.1 mm, and the build orientation is illustrated in Figure 1. The four side
surfaces are the target finishing surfaces.

Figure 1. Selective laser melting built specimen.
2.2. Experimental Setup

A high-power ultrasonic generator with a frequency range of 20~25 kHz (SCIENTZ-950E, Ningbo
Scientz Biotechnology, Ningbo, China) was used in this work. The diameter of the horn tip was
6 mm. The ultrasonic amplitude could be adjusted purposely by changing the output power, which
ranged 5~600 W. The specimens were fixed and immersed in a container filled with abrasive slurry.
The container was surrounded by cold water to prevent a drastic increase in temperature. Figure 2
shows the real illustration of the configuration for the ultrasonic abrasive polishing experiments.

Figure 2. Ultrasonic abrasive polishing setup.
2.3. Experimental Procedure and Conditions

Three groups of experiments were conducted, and the detailed conditions are labeled Group 1-3,
as shown in Table 1. To verify the roles of cavitation bubbles and abrasive particles in the finishing
process, comparison experiments were conducted with abrasive concentrations of 0% and 10%, as listed
in Group 1. In the case of 0% (no abrasive particles), cavitation only occurred for material removal.
While for 10%, the clearance of 1 and 2 mm between the horn tip and the workpiece was used for
a comparison, and the surface after machining for 5, 10, 20 and 30 min was observed under a scanning
electron microscope (TESCAN, Kohoutovice, Czech Republic). Comparison experiments were then
carried out with different ultrasonic output powers and abrasive concentrations, as listed in Groups 2
and 3. A laser scanning confocal microscope (LEXT OLS4000, Olympus) was used for the imaging and
3D measurement of the representative surfaces in this study. Roughness measurements were taken
with a non-contact laser probe profilometer (NH-3SP, MitakaKouki). For each sample, due to the high
standard deviations of AM surface, 5 measurements were utilized to calculate the average Ra value
and the standard deviation. For all the experiments, the workpieces were cleaned in an ultrasonic
cleaner for 20 min to remove the abrasive particles and delaminated base materials left on the surface
before the observation and measurement.
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Table 1. Experimental conditions.

Ultrasonic Output Concentration of Machining Clearance Between the Horn Tip
Power [W] Abrasive Suspension Time [min] and Workpiece [mm]
Group 1
500 10% 5, 10,320, 30 1,12
Group 2
400, 500, 600 10% 20 1
Group 3
500 5,10, 20, 30, 40% 20 1

2.4. Simulation Procedure

2.4.1. Material Modeling

To compare the experimental results, the same abrasive material (Silicon carbide) and workpiece
material (Inconel 625) were utilized in the simulations. The Mie-Griineisen Equation of state [20] was
employed to describe the initial elastic response of the materials. The strength and damage behavior of
silicon carbide was modeled with the Johnson-Holmquist material model [21]. The Johnson—-Cook
model was employed to model the strength behavior of Inconel 625 [22]. In the Johnson-Cook
model [23], the von Mises stress, o, is expressed as

o=[A+Be|[1+Cné[1-T" 1)

where ¢ is the equivalent plastic strain, ¢ = &/¢g is the dimensionless plastic strain rate for &y =
1.0s71, and T*is the homologous temperature where T* = (T — Troom)/(Tmelt — Troom). The five material
constants are A, B, t, C, and m, where A is the yield stress, B and ¢ represent the effects of strain
hardening, and C is the strain rate constant. The expression in the first set of brackets gives the stress
as a function of strain for ¢’ = 1.0 and T* = 0. The expressions in the second and third set of brackets
represent the effects of strain rate and temperature, respectively.

The important parameters for simulations are summarized in Table 2.

Table 2. Material models and important parameters for simulations.

Item SiC Inconel 625
Equation of state Polynomial Linear
Density g/cm3 3.215 8.44
Bulk modulus GPa 220 155.8
Strength Johnson-Holmquist Johnson—Cook
Shear modulus GPa 193.5 81.2
Hugoniot elastic limit GPa 11.7 None
Yield stress MPa None 559 (A)
B GPa None 2.201
t None 0.8
C None 2.1x 107
Failure Johnson-Holmquist None
Hydro tensile limit MPa 750 None

2.4.2. Construction of Simulation Model

The calculations were conducted with the computer program AUTODYN from Century Dynamics.
A snapshot of the initial construction of the simulation model is shown in Figure 3. A one-quarter 3D
model with symmetric boundary conditions was built to reduce the calculation time. The abrasive
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particle was modeled in a spherical shape, which is different to those in the slurry, but is still useful for
demonstrating the work of abrasive particles in the polishing process. Because SPH takes more time in
searching for neighboring particles, the abrasive particle and the partial workpiece area around the
impact site were built with SPH solver, while the remaining workpiece area was constructed using the
Lagrange finite element mesh to improve the calculation efficiency. The smoothing length for the SPH
particle was 80 nm, and the finite element mesh size was 0.3 um. In the ultrasonic process, the abrasive
particles would be accelerated by the cavitation collapse force and the ultrasonic energy of the horn,
which can create an initial velocity that the abrasive particle just touches the work surface ranging
from several meters to several hundred meters per second [24,25]. Therefore, initial velocities of 1,
20, and 200 m/s were applied to the abrasive particle along the z direction for a tentative comparison
in this study, which is believed to be helpful in understanding the effect of abrasive particles on the
surface smoothing process.

Abrasive
b (SPH)

9 um Workpiece
/ (SPH)

Figure 3. Snapshot of the initial construction of the simulation model.

3. Results

3.1. Machined Surface Topography under Different Clearances between the Horn Tip and the Workpiece

Figure 4 shows the SEM images of the surfaces machined with different clearances between the
horn and the workpiece under an abrasive concentration of 10% before and after polishing for 5, 10, 20,
and 30 min. For both cases, the original surfaces (at 0 min) demonstrate the typical surface topography
of metal-based AM parts which have numerous partially melted powders, larger agglomeration and
balling structures, and step discontinuities due to the layer interface (Figure 4a,b). All these contribute
to a high initial Ra value of about 9.48 um—measured before polishing. After 5 min of machining,
we can notice that most of the partially melted powders were removed from their original sites,
as shown in area A for both cases. The larger structures were also smoothed when the clearance was
1 mm, as shown in area B of Figure 4a, while almost no change happened for 2 mm clearance (Figure 4b).
With the increase in the machining time, almost all of the partially melted powders were removed
for 1 mm clearance. Step discontinuities at the layer interface were also reduced. The roughness Ra
was measured, which decreased to 2.93 um after 30 min of machining, and an obvious smoothing of
the AM surface was obtained as shown in Figure 4a. However, it was found that the partially melted
powders were predominately removed in the first 5 min for 2 mm clearance, and only slight material
removal occurred in the remaining 25 min. The larger structures and step discontinuities that remained
on the surface after 30 min of machining were almost the same as the original ones. It is also noted
that the removal process for the tightly attached, partially melted powder needs more time and leaves
shallow pits on the machined surface, as shown in area C for both cases. The results indicate that
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a clearance of 1 mm is appropriate for effective polishing. In addition, the clearance is sufficient to

prevent the direct hammering of abrasive particles and extends the working life of the horn.
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Figure 4. SEM images of the surfaces machined with different clearances between the horn and the
workpiece under 10% abrasive concentration with the increase in polishing time: (a) 1 mm; (b) 2 mm.
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3.2. Comprison Results of Ultrasonic Abrasive Polishing and Cavitation Collapse

Figure 5 shows the SEM images of the surfaces after polishing with 10% and 0% abrasive
concentration for 30 min. Partially melted powders were removed, regardless of whether abrasive
particles were added. However, it is obvious that the polishing result is better with addition of abrasive
particles, because the larger structures and step discontinuities were also smoothed. The roughness
Ra was decreased to 5.02 um after cavitation treatment alone, while it was decreased to 2.93 um
upon adding abrasive particles. The difference in surface topography is further demonstrated in the
comparison of 3D topographic maps, as shown in Figure 6.

WD: 11.61 mm vt VEGA3 TESCAN| wo:11.40mm | VEGAS TESCAN|
View field: 952 pm 200 ym View field: 963 pm 200 ym
SM: RESOLUTION Performance in nanospace SM: RESOLUTION Performance In nanospace

Figure 5. SEM images of the surfaces: (a) after polishing with 10% abrasive concentration for 30 min
(same as Figure 4a); (b) after polishing with 0% abrasive concentration (cavitation only) for 30 min.

Figure 6. 3D topographic maps of: (a) as-manufactured AM workpiece surface; (b) surface after
polishing with 0% abrasive concentration (cavitation only) for 30 min; (c) surface after polishing with
10% abrasive concentration for 30 min.

3.3. Comparison Results for Different Ultrasonic Output Power

Figure 7 shows laser microscope images of the surfaces polished with different ultrasonic output
power under 10% abrasive concentration for 20 min. An increase in the output power facilitates
the removal of partially melted powders and large structures. The discontinuities at the interface
were also largely smoothed at 600 W. This is considered to be a result of the increase in the vibration
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amplitude, which will enhance the cavitation intensity and the impact velocity of micro-abrasive
particles. Figure 8 illustrates the roughness Ra. The deviation of as-manufactured AM surface is high
due to the partially melted powders and large structures. After ultrasonic abrasive polishing, some
partially melted powders are removed and may leave micro-pits on the surface, so the deviation is
still high. An improvement in surface finish can be obtained with an increase in the ultrasonic output
power in this work.

Figure 7. Laser microscope images of surfaces after polishing with 10% abrasive concentration for 20
min: (a) 400 W; (b) 500 W; (c) 600 W.

14

12 Original
10 |« AM surface

I %\i

O N B O

Surface roughness Ra (um)

400 450 500 550 600 650

Ultrasonic output power (W)

Figure 8. Roughness of specimens polished with different ultrasonic output power under abrasive
concentration of 10% for 20 min.

3.4. Comprison Results for Different Abrasive Concentrations

Figure 9 shows laser microscope images of the surfaces polished with different abrasive
concentrations under 500 W for 20 min. A decrease in partially melted powders can be confirmed with
an increase in the abrasive concentration. Micro-sized abrasive particles suspended in the slurry act
as bubble nucleation sites, which increase the overall cavitation intensity [26]. The total number of
abrasive particles is larger for a higher concentration, hence they increase the material removal process
through cavitation collapses and the abrasive particle effect. Figure 10 illustrates the roughness Ra
for different abrasive concentrations. The average Ra value decreases with an increase in abrasive
concentration of less than 30% and increases with concentration of 40%. Itis also noted that the standard
deviation of 30% concentration is much larger than 20%, which makes the roughness Ra fluctuate over
a large range and results in a worse finish effect. The results indicate that the finish performance is
generally improved with an increase in abrasive concentration in a certain range, however, a further
increase cannot lead to a more desirable polishing effect. This is considered to be because a high
abrasive concentration results in interference between the particles and a decentralization of the
material removal, so that the polishing efficiency is weakened.
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Figure 9. Laser microscope images of surfaces after polishing with 500 W for 20 min: (a) 5%; (b) 10%;

(c) 20%; (d) 30%; (e) 40%.

14

12 Original

10 L4~ AM surface

S N R O @

Surface roughness Ra (um)

5% 10% 20% 30% 40% 50%

Abrasive concentration

Figure 10. Roughness of specimens polished with different abrasive concentrations under 500 W for
20 min.

3.5. Simulation Results

Figure 11 shows the time-dependent results of material status with different initial impact velocities
along an X-Z symmetric plane. The green, blue, and red elements indicate elastic, plastic and failure
states, respectively. Figure 12 shows the comparison results after 20 ns calculation regarding the
materials. For a slow velocity of 1 m/s, as shown in Figure 11a, the impact force of the abrasive particle
is not large enough to make any changes in either abrasive or workpiece materials, and the particle
just rebounded after impact. For a velocity of 20 m/s, a plastic region generated in the workpiece due
to the abrasive impact after a calculation of 1 ns. After impact, the fracture of the abrasive particle is
confirmed, as shown in Figure 11b. When the velocity reached 200 m/s, the abrasive particle fractured
during the impact, and a large plastic region occurred in the workpiece. After the particle left the
work surface, a concave with a pile-up around the edge is confirmed, which can be well recognized in
Figure 12. The results indicate that the impact velocity of the abrasive particle would have a large
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effect on surface smoothing. Because the impact velocity is determined by the cavitation collapse force
and ultrasonic energy of the horn, the machining conditions, including the ultrasonic output power
(vibration amplitude), abrasive concentration, and the clearance between the horn and workpiece,
should be chosen carefully to improve the finishing effect.

z
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Failure t=1ns t=5ns t=10ns t=20ns

@)

z

l-.

Elastic

Plastic
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Figure 11. Time-dependent results of material status with different initial impact velocities: (a) 1
m/s; (b) 20 m/s; (c) 200 m/s (green, blue, and red elements indicate elastic, plastic and failure states,
z

respectively).
I.—s x
SiC
Inconel 625
(a) (b) (c)

Figure 12. Comparison results of material distribution after 20 ns calculation with different initial
impact velocities: (a) 1 m/s; (b) 20 m/s; (c) 200 m/s (blue and green elements indicate SiC and Inconel
625 material, respectively).
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4. Discussion

Based on the results above, two material removal mechanisms can be considered responsible
for the surface smoothing process during the ultrasonic abrasive polishing of additive manufactured
components. The first is the material removal due to cavitation collapse pressure, which is effective in
dislodging the partially melted powders from the surface. The bonding neck between a partially melted
powder and the surface acts like a crevice, which entraps gas and improves the cavitation erosion [4].
The second material removal mechanism is based on the impact of abrasive particles suspended in the
slurry. The abrasive particles are accelerated by the cavitation pressure and the ultrasonic energy of
the horn, and tend to penetrate the workpiece in different directions. The SPH simulation in this study
only demonstrated the vertical impact action of abrasive particles, which, it is believed, would smooth
the surface by plastic deformation. However, it should be noted that the impact from other directions
would result in material removal by micro-cutting or sliding [27]. All of these make abrasive particles
capable of smoothing and further removing large structures and discontinuities on the surface of AM
components. Figure 13 shows the schematic of material removal mechanisms in the ultrasonic abrasive
polishing of additive manufactured components explained above.

Removal of partially " ‘ I
melted powders Accelerated particle by
Cavitation bubble tool impact

| m &
1 =

Ultrasonic energy

\

Impact of abrasive
particles

Workpiece (AM part)

Figure 13. Material removal mechanism in the ultrasonic abrasive polishing of additive manufactured
components.

The two material removal mechanisms are greatly influenced by the process conditions. Even
though the general polishing performance under different conditions has been investigated through
the experiments, the nature of the change is not fully understood. The real velocities of the abrasive
particles accelerated by the cavitation collapse pressure and the ultrasonic energy of the horn should
be further studied, so that the polishing process can be improved. In addition, the cavitation erosion
is often associated with damage on smooth specimens based on earlier studies, so it may also have
a tendency to worsen the surface smoothness in the polishing process. The control of the two conflicting
effects of cavitation on AM surface finish is important to ensure efficient polishing, and should be
investigated in the future study. It is believed that the technology could be an ideal solution for the
surface modification of AM components. Moreover, as the ultrasonic abrasive polishing process is
conducted uniformly on the whole working area by using suitable settings, this polishing method can
be used to process surfaces with various complex shapes and internal features.

5. Conclusions

In this work, material removal in ultrasonic abrasive polishing was studied using both experiments
and SPH simulations. The roles of cavitation bubble collapse and the impact of abrasive particles in
material removal were confirmed.
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@)
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The following major conclusions have been drawn:

Cavitation bubble collapse in ultrasonic polishing can efficiently remove the partially melted
powders on additive manufactured surfaces, and a further improvement of surface quality can be
obtained through the micro-cut and impact of abrasive particles in the slurry. In this work, the
roughness was decreased to 2.93 um from the initial value of 9.48 um after 30 min of polishing.
Increasing the output power enhances the cavitation intensity and the impact of abrasive particles,
which would improve the polishing process.

Micro-abrasive particles act as bubble nucleation sites, which increase the cavitation intensity
and, accordingly, facilitate the material removal process. However, a high abrasive concentration
will result in interference between the particles and a decentralization of material removal.
Therefore, the polishing effect can be only improved when the abrasive concentration is within
a certain range.
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