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ABSTRACT

ARTICLE INFO

The rough surface of metal parts produced by the powder-based layered
Additive Manufacturing (AM) technology such as Selective Laser Melting
(SLM) is an important problem that needs to be solved. This study introduces
obvious improvements in the surface quality of the AM parts by means of
ultrasonic abrasive polishing (UAP), which uses cavitation collapse and micro-
cut of abrasive particles for finishing surfaces. Experiments were conducted
using the orthogonal experimental design method with an L9(34) orthogonal
array to investigate the effects of ultrasonic power, machining time, abrasive
particle size, and particle concentration on surface roughness Ra and material
removal rate (MRR). The wear of the abrasive particles in the slurry was also
studied. IN625 nickel-based alloy specimen manufactured by Selective Laser
Melting (SLM) was chosen as the target workpiece. The results show that
when the ultrasonic output power was too high, both surface quality and
machining efficiency were deteriorated. And the surface roughness Ra was
not further improved by just increasing the machining time. Severe cavitation
erosion occurred in the polishing process and created leftover pits on the
workpiece surface, which has a large influence on Ra. The size and amount of
the abrasive particles should be within a certain range, which is helpful for
material removal and improving the polishing performance. The work is
useful for studying the influential process parameters involved in UAP and
finding out the appropriate conditions.
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1. Introduction

Additive Manufacturing (AM) technology is a process of joining materials layer by layer to make
parts based on a pre-designed three-dimensional model data, which is distinguished from tradi-
tional subtractive machining techniques [1]. The manufactured components have high dimen-
sional accuracy and long-term dimensional stability [2, 3] Therefore, the AM technology greatly
reduces waste material, part weight, and production time. In addition, manufacturing compo-
nents with no geometric limitations makes it attractive in various fields such as automotive, aer-

ospace, and medicine [4-8].
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Fig. 1 Stair-stepping effect, balling effect, and powder adhesion in SLM

A laser beam can be focused to a small size which makes the energy density high and can
minimize the molten pool and heat-affected zone. Therefore, lasers have been widely utilized in
AM processes, especially for the metallic materials with high melting points [9-12]. The laser-
based AM processes are classified into two categories [13]. One is the laser-based directed ener-
gy deposition (L-DED), where the material can be either wire or powder, and is melted and de-
posited simultaneously. The other one is the laser-based powder bed fusion (L-PBF), where the
laser source selectively melts metallic powders layer by layer. Even though the L-DED has faster
built speeds, the L-PBF is more popular due to its better manufacturing capability for producing
compact features with greater geometrical accuracy and high specific strength [10, 12].

Selective laser melting (SLM) and Selective laser sintering (SLS) are typical L-PBF technolo-
gies. SLS technology has relatively low strength sintered parts. In addition, the mechanical prop-
erties and forming accuracy of SLS sintered parts are lower than that of SLM due to voids in pro-
cess entities [14]. SLM acts as one of the most popular AM processes for metallic materials in
industry now. However, the surface roughness of the SLM parts is still too high for direct uses. In
the SLM process, stair-stepping effect, balling effect, and powder adhesion [15-18] are the three
main factors leading to the poor quality as shown in Fig. 1. These not only affect the aesthetics,
but also greatly limits the functional performance of the parts including fatigue life and friction
properties [19].

To improve the surface quality of AM parts for practical uses, various post-process finishing
techniques are implemented [20]. Today, manual polishing is still the main polishing method for
AM parts, but it needs long operating time and high labor costs, and the accuracy is dependent
on the experience of the personnel. Chemical polishing, electrochemical polishing, laser polish-
ing, and abrasive flow machining have shown their capabilities in finishing AM parts [21-23].
However, they have their respective advantages and shortcomings when applied to surface pol-
ishing of AM parts. The larger thermal damage caused by laser polishing leads to the defor-
mation of metal parts more easily. In the same way, chemical polishing causes great chemical
damage. While electrochemical polishing is not suitable for polishing metal parts with deep in-
ner holes. Abrasive flow machining is potential for surface finishing of internal channels, but it
still has the limitations include damage to thin-walled structures due to excessive pumping pres-
sures and abrasive contamination in the internal channels.

The principle of ultrasonic abrasive polishing, abbreviated as UAP here, was proved effective
in improving surface quality of AM parts in some recent studies [21, 24-26]. In this process, the
materials are removed by the combination of cavitation and micro-cut of abrasive particles,
which is feasible for finishing various AM parts with complex external and internal surfaces.
Mass and dimensional losses are only significant for initially rough surfaces with numerous sur-
face irregularities. Therefore, UAP has the potential to finish the surface without alteration of the
original AM dimensions, which distinguishes it from other surface finishing techniques. Never-
theless, the machining capability of UAP for finishing AM surfaces is not totally understood.
Many input parameters exist in UAP which would influence the polishing performance, and
there is a lack of systematic study on this. In this study, UAP experiments of SLM manufactured
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IN625 alloy specimen were conducted using the orthogonal experimental design method with
an Lo(3%) orthogonal array to investigate the effects of ultrasonic power, machining time, abra-
sive size, and abrasive concentration on polishing results. The work is useful for studying the
influential process parameters involved in UAP and improving the machining performance.

2. Basic principle of ultrasonic abrasive polishing (UAP)

UAP uses an ultrasonic tool (horn) in conjunction with abrasive particles suspended in a liquid
slurry for surface polishing, the ultrasonic tool tip should be at a specific distance away from the
specimen surface to prevent a contact between them. According to the previous studies, three
main material removal modes in the polishing process were concluded [25, 27] and schematical-
ly shown in Fig. 2. They include:

e (avitation erosion from the abrasive slurry, which is effective for removing partially melt-
ing powders on the AM surfaces.

e Abrasion by the impact of the abrasive particles against the workpiece accelerated by the
force of cavitation collapse.

e Small-scale material removal by high frequency impact of abrasive particles excited by ul-
trasonic vibration of the tool.

In addition, the cavitation effect is helpful for the circulation of abrasives and chip removal of
the workpiece materials, which facilitate the material removal in UAP.

The cavitation is mainly influenced by ultrasonic amplitude, ultrasonic frequency, and physi-
cal parameters of the liquid. Generally, ultrasonic frequency ranged from 20-40 kHz is appropri-
ate for cavitation. The cavitation intensity increases with the increase of the ultrasonic ampli-
tude. And an increase of the liquid viscosity would suppress the cavitation. On the other hand,
the frequency and intensity of the abrasive impact would also be influenced by the input ultra-
sonic parameters and the characteristics of the particles.
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Fig. 2 Schematic view of material removal in UAP: (a) cavitation erosion, (b) abrasive impact accelerated by cavitation
collapse, (c) abrasive impact excited by ultrasonic vibration of the tool
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Therefore, both the settings of the ultrasonic parameters and the composition of the slurry
are important for the material removal in UAP, and accordingly influence the polishing efficiency
and the surface quality. In the following sections, UAP experiments are introduced, discussions
are also conducted based on the experimental results and previous studies.

3. Materials and methods
3.1 Materials

The slurry composed of silicon carbide abrasive particles and purified water. The IN625 speci-
men was a cube with a side length of 20 mm, which was manufactured by a SLM equipment
(FARSOON) with the scanning speed of 7.6 m/s. The metal powder size ranges from 15 pm to 53
um. The powder-bed depth is 0.1 mm, and the material parameters are illustrated in Table 1.
Surfaces built at 90° orientation were treated with UAP process.

Table 1 Material parameters
Element C Si Mn S P Cr Ni Mo Al Ti Nb+Ta Co Fe
wt% <01 <05 <05 =<0.015 <0.015 20.0-23.0 =58.0 8.8-10.0 <0.4 <04 3.15-415 <1.0 <5.0

3.2 Experimental setup

An ultrasonic generator with the output power ranging from 800-1800 W (Ningbo Scientz Bio-
technology) was used in this work. The frequency is 19.5-20.5 kHz. The diameter of the horn tip
is 25 mm. The ultrasonic amplitude can be adjusted purposely by changing the output power.

3.3 Design of experiments

In this study, the surface roughness Ra and the material removal rate (MMR) were used for
evaluating the polishing performance of UAP. To obtain the appropriate condition covering a
wide range of factors in a more efficient way, the orthogonal experimental design was applied to
reduce the number of experiments. Table 2 lists the specific conditions of an Ly(34) orthogonal
array used in this work, corresponding to four factors of three levels. As shown in Table 2, three
levels of ultrasonic power were 900, 1200 and 1500 W. Three levels of machining time were 10
min, 20 min and 30 min. Three levels of abrasive size were 800, 1200, and 2000 grit sizes. Three
levels of abrasive concentration were 5 %, 10 % and 15 %.

Table 2 Experimental design using the L9 orthogonal array

Experimental number Factors
A (Ultrasonic power) B (Machining time) C (Abrasive size) D (Abrasive concentration)
1 900 10 800 5
2 900 20 1200 10
3 900 30 2000 15
4 1200 10 1200 15
5 1200 20 2000 5
6 1200 30 800 10
7 1500 10 2000 10
8 1500 20 800 15
9 1500 30 1200 5

The orthogonal experimental results were studied with the range analysis, which is a statisti-
cal method to determine the sensitivity of the factors and to obtain the optimal process condi-
tions. The analyzing process of range analysis is as follows:

Kxm = KXm/ 3 (1)

R = max(kx1, kxz, kx3) - min(kx1, kxz, kx3) (2)

Kxm and kxn means the sum and the average value of the experimental results of factor X with
level m. R means the influence degree of the factor X, and the higher the value R is, the greater
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the influence degree of factor X is. The tendency charts showing the influence of each parameter
on the surface roughness and the MRR were also drawn based on the range analysis.

3.4 Experimental procedure

As shown in Fig. 3, the workpiece to be polished was fixed in a container filled with the abrasive
slurry. The ultrasonic tool was immersed in the slurry, the distance between the tool tip and the
workpiece was adjusted to guarantee efficient polishing and prevent direct contact between the
two. Meanwhile, cooling system was applied during the process to avoid a drastic increase in
temperature of the horn. Repeated polishing experiments were conducted for each condition as
shown in Table 2. After polishing, the surface roughness was tested by a hand-held roughness
meter with the measurement accuracy of 0.002 um (Mitutoyo), and the surface was observed
with a scanning electron microscope (TESCAN). Due to the high standard deviations of AM sur-
face, as least as 5 measurements of each specimen were conducted to calculate the average Ra
value. The weight of the workpiece before and after polishing was measured by an electronic
balance with the measurement accuracy of 0.1 mg. Thus, the MRR can be calculated as the differ-
ence of weight over the polishing time. In addition, the particle size distribution before and after
machining was examined by a particle size analysis device (Mastersizer 3000, Malvern Panalyti-
cal) to study the wear of abrasive particles.

1

Horn and tool

Transducer

Fig. 3 Schematic view of the experimental process

4. Results and discussions

The obtained surface roughness Ra and MRR after ultrasonic polishing experiments are as
shown in Table 3. The initial average Ra of the target SLM surface is 9.48 um. After polishing, the
surface roughness was decreased obviously ranging from 5.01 um to 6.80 um. The MRR ranges
from 1.14 mg/min to 3.0 mg/min.

Table 3 Results of surface roughness and MRR

Experimental number Surface roughness Ra (1um) MMR (mg/min)
1 5.58 2.40
2 592 2.15
3 6.05 1.86
4 6.20 1.84
5 5.66 271
6 6.22 1.57
7 5.01 3.00
8 6.80 1.14
9 6.20 1.57

Range analysis results of surface roughness and MRR were presented in Table 4 and Table 5,
respectively. Kj and k; represents the sum and average value of the measurement results of the
roughness and the MRR for each factor (each column) with level j, j = 1, 2, 3, respectively. The
results show that the main influence factor on surface roughness is abrasive concentration, and
the influence order of different process parameters on Ra is: abrasive concentration > abrasive
size > machining time > ultrasonic power based on the value R. The main influence factor on
MRR is abrasive size, and the influence order of the parameters is: abrasive size > machining
time > abrasive concentration > ultrasonic power using the same analysis method. In this work,
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the surface roughness value is required to be as small as possible, which means the surface qual-
ity is improved. On the other hand, the MRR should be high, which is important to increase the
machining efficiency. When the combination of the four process parameters is ultrasonic power
at 900 W, machining time of 10 min, grit size at 2000, and abrasive concentration at 10 %, the
analysis results show smallest Ra value (the corresponding level of minimum k for each factor)
and highest MRR (the corresponding level of maximum k for each factor).

Table 4 Range analysis on surface roughness

Ultrasonic power Machining time Abrasive size ~ Abrasive concentration
W) (min) (1m) (% wt)
K1 17.55 16.79 18.60 17.44
K 18.08 18.38 18.32 17.15
K 18.01 18.47 16.72 19.05
k1 5.850 5.597 6.200 5.813
k2 6.027 6.127 6.107 5.717
k3 6.003 6.157 5.573 6.350
R 0.177 0.560 0.627 0.633
Order of priority Abrasive concentration > Abrasive size > Machining time > Ultrasonic power
Optimal level 900 10 2000 10

Optimal combination 900 W, 10 min, 2000 grit, 10 %

Table 5 Range analysis on MRR

Ultrasonic power Machining time Abrasive size ~ Abrasive concentration
W) (min) (um) (% wt)

K1 6.41 7.24 5.11 6.68
K> 6.12 6.00 5.56 6.72
K3 5.71 5.00 7.57 4.84
ks 2.137 2413 1.703 2227
k2 2.040 2.000 1.853 2.240
k3 1.903 1.667 2.523 1.613
R 0.233 0.747 0.820 0.627

Order of priority Abrasive size > Machining time > Abrasive concentration > Ultrasonic power

Optimal level 900 10 2000 10

Optimal combination 900 W, 10 min, 2000 grit, 10 %

4.1 Effects of ultrasonic power

Fig. 4 shows the effects of ultrasonic power on surface roughness and MRR. When the output
power of the ultrasonic generator was 900 W, better surface roughness Ra and larger MRR were
obtained compared to 1200 W and 1500 W. Based on our former research [25], when the ultra-
sonic power is among 400 W to 600 W, the surface becomes smoother with the increase of ultra-
sonic power. It is considered that with the increase of ultrasonic power, the cavitation intensity
is enhanced which strengthens the cavitation erosion effects on the work surface and according-
ly facilitates the removal of partially melted powders. In addition, abrasion against the work-
piece due to the impact of abrasive particle that accelerated by cavitation collapse is also en-
hanced, so irregularities on the initially rough AM surfaces can be gradually smoothed. However,
in this work, it is found that a too high ultrasonic power deteriorates both the surface quality
and the machining efficiency. Existed studies have shown that the cavitation erosion effects on a
solid surface increase with ultrasonic power up to a threshold and then decrease [28, 29]. The
presence of a maximum in the ultrasonically enhanced erosion effects with increasing power is
attributed to a peak in the cavitation intensity, which is supposed to increase with the enhance-
ment of ultrasonic power if the collapse time allows the cavitation bubble to grow [30, 31].
Therefore, the condition produces maximum of cavitation erosion effects must be a function of
power as well as frequency. On the other hand, it is commonly believed that the horn amplitude
(here is controlled by the output power) has a significant effect on ultrasonic machining [32]. In
this work, the output power has minimal impact on Ra and MRR compared to the other factors,
which may be related to the choice of the three high output power levels.
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Fig. 4 Effects of ultrasonic power on surface roughness and MRR

The wear of abrasive particles under 900 W and 1500 W were compared by examining parti-
cle size distribution before and after polishing process. Other conditions are the same: 2000 grit
size abrasive particles, 5 % abrasive concentration, machining time of 20 min. The results are
shown in Fig. 5. The maximum particle size that can be detected becomes smaller as indicated
with the ellipse marks after polishing (maximum value shifted to the left). The mean particle size
before polishing was found to be 8.98 pm, according to the measurement report. After polishing
with 900 W and 1500 W, the mean particle size reduces to 8.74 um and 8.16 um, respectively.
The wear of abrasive particles is increased due to the stronger cavitation effect at higher ultra-
sonic power. Therefore, more motion energy of the abrasive particles was consumed in the wear
between the particles but not the material removal of the workpiece when the ultrasonic power
was 1500 W, which accordingly influences the polishing efficiency and the surface quality.

Fig. 6(a) shows the typical surface characteristics of the workpiece before polishing, and Fig.
6(b) is the same area after polishing. Obvious improvement of surface quality can be confirmed.
The partially melted powders were almost removed as indicated in area A, and some larger dis-
continuities were also smoothed as shown in area B. On the other hand, tightly attached balls
and irregular structures were challenging to be removed. In addition, some leftover pits due to
cavitation erosion are found on the polished surface as shown in area C. With the increase of
ultrasonic power, severe cavitation erosion may occur, which can leave more such leftover
structures on work surface and increase the Ra value.
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Fig. 6 SEM images of the surfaces: (a) as-manufactured AM workpiece surface; (b) surface after
ultrasonic abrasive polishing

Therefore, although the machining capability of UAP could be enhanced at higher power, the
increase in wear of abrasives and excessive erosion of surface occur simultaneously, which
strongly influences the polishing process. In addition, large number of cavitation bubbles and
broken abrasive particles between the horn and the workpiece may play a screening role that
inhibits effective cavitation erosion and abrasion of particles against the workpiece at higher
power. All these lead to the better surface roughness Ra and larger MRR at 900 W than 1200 W
and 1500 W in this work.

4.2 Effects of machining time

Fig. 7 shows the effects of machining time on surface roughness Ra and MRR. The machining
time of 10 min resulted in minimum Ra and maximum MRR compared to 20 min and 30 min. At
the initial stage of polishing, the partially melted powders were removed quickly, and the peak
of material surface was easily to be ground. Therefore, the Ra value rapidly reduced, and the
MRR was high. With the increase of polishing time, the peak of the surface was smoothed and
became flat, which slowed down the MRR. And we found the similar tendency in the previous
work [25] that the partially melted powders were predominately removed in the first several
minutes and only slight material removal occurred in the remaining machining time. The surface
was significantly modified in the initial stage (around several minutes or less) and converge to
an equilibrium state.

Normally, the Ra should not be worse because more powders and irregular structures might
be removed with the increase of the machining time. However, the results show an obvious in-
crease in the Ra value after 20 min and 30 min. The workpiece was an AM manufactured part
and has its own surface features, large pits may be left on the surface as introduced in area C of
Fig. 6 after the removal of tightly attached large balls and irregular structures due to severe cavi-
tation erosion. This has a large effect on the surface roughness Ra. In addition, the existence of
these pits may further negatively affect the polishing performance because it is easier to deepen
the pits under cavitation erosion and abrasive impacts than to flatten them. It seems more nec-
essary to finding out appropriate conditions to facilitate effective polishing action for further
reducing the Ra value.
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Fig. 7 Effects of machining time on surface roughness and MRR
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On the other hand, with the increase of processing time, the wear of abrasive becomes more
and more serious, which weakens the grinding capability of abrasive particles. And in the exper-
iments, no new slurry was introduced in the machining area, the continuous high-power ultra-
sonic work leads to severe wear of abrasive particles and affects the UAP process.

4.3 Effects of abrasive size

Fig. 8 shows the effects of abrasive size on surface roughness Ra and MRR. Using abrasive parti-
cles of 2000 grit size resulted in minimum Ra and maximum MRR compared to 1200 and 800
grit sizes. The abrasive particles act as bubble nucleation sites, compared to smaller particles,
the larger particles have larger surface areas to compete for bubble nucleation, so the cavitation
erosion against workpiece may be inhibited in the presence of larger particles. Accordingly, ma-
terial removal process is influenced.

The wear of abrasive particles of 2000 and 800 grit sizes were compared by examining parti-
cle size distribution before and after polishing process, respectively. Other conditions are the
same: 900 W ultrasonic power, 5 % abrasive concentration, and machining time of 20 min. The
results are shown in Fig. 9, the particles become smaller due to the wear for both cases. The
mean particle size of 2000 and 800 grit abrasive particles decrease from 8.98 um and 19 um to
8.74 ym and 17.7 um, respectively. A decrease of 2.7 % and 6.8 % in mean particle size for 2000
and 800 grit abrasive particles is confirmed. Therefore, more motion energy was consumed in
abrasive broken for larger abrasive particles, and accordingly influences the polishing process.
In addition, the larger size particle could act as a physical barrier on the specimen surface to
avoid the impact of micro-jets induced by cavitation collapse and affect the material removal
[21]. The diameters of the micro-jets are around 10-30 um [33]. The mean particle size of 1200
and 800 grit abrasive particles are 13.8 um and 19 pum, respectively, which would screen the
micro-jets and inhibit material removal. Therefore, when using abrasives of 1200 and 800 grit
sizes, both surface quality and machining efficiency are deteriorated.
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4.4 Effects of abrasive concentration

Fig. 10 shows the effects of abrasive concentration on surface roughness Ra and MRR. The abra-
sive concentration at 10 % resulted in minimum Ra and maximum MRR compared to 5 % and 15
%. The former studies [21, 25] also showed that the surface roughness is improved with the
increase of abrasive concentration in a certain range, then the Ra value cannot get better with a
further increase in abrasive concentration. And the MRR also showed the same tendency. When
the abrasive concentration is too high, the interference between the abrasive particles increases.
It is supposed that more motion energy of the abrasive particles would be consumed in the im-
pact between the particles but not the material removal of the workpiece, which would accord-
ingly affect the polishing performance. Furthermore, a large number of abrasive particles would
act competing nucleation sites, which may inhibit the cavitation erosion against the workpiece,
resulting in the reduction of material removal.
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Fig. 10 Effects of abrasive concentration on surface roughness and MRR

5. Conclusion

Since ultrasonic process is cost effective and applicable to the manufacturing of micro-to macro-
scale structures, it may lead to new applications in specially designed surface treatment by con-
trolling the process parameters appropriately. In this work, the machining capability of UAP
which used ultrasonic cavitation in an abrasive slurry was studied. Polishing experiments on
SLM manufactured IN625 alloy specimen were conducted using the orthogonal experimental
design method with an Lo(34) orthogonal array. Range analysis was performed on the experi-
mental results to investigate the effects of ultrasonic power, machining time, abrasive size, and
abrasive concentration on polishing performance. The work is useful for studying the influential
process parameters involved in ultrasonic abrasive polishing and optimizing the process param-
eters. The following conclusions can be drawn:

e When the ultrasonic power is too high, both abrasive wear and cavitation bubbles increase,
which may play a screening role that inhibits cavitation erosion and abrasion of particles
against the workpiece. Therefore, the surface quality and the machining efficiency would
be deteriorated.

e During polishing process, severe cavitation erosion can occur and create leftover pits on
the workpiece surface, which has a large influence on Ra.

e The AM surface is significantly modified in the initial polishing stage because the partially
melted powders and some peak irregular structures are removed.

e Using too large abrasive particles is not helpful for material removal. The larger particles
have larger surface areas to compete for bubble nucleation and act as physical barriers on
the workpiece surface to inhibit the material removal of the workpiece. And the severe
wear of large abrasive particles also influences the polishing performance.

o Both the surface quality and the MRR were improved when the abrasive concentration in-
creased within a certain range. While the abrasive concentration is too high, the interfer-
ence between the abrasive particles increases, the material removal is suppressed, and the
surface quality is also deteriorated.
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e Based on the range analysis, the influence order of different process parameters on Ra was
abrasive concentration > abrasive size > machining time > ultrasonic power, while the in-
fluence order of the parameters on MRR was abrasive size > machining time > abrasive
concentration > ultrasonic power in this study. When the ultrasonic power, machining
time, grit size and abrasive concentration are 900 W, 10 min, 2000 grit size, and 10 %, re-
spectively, the analysis results show smallest Ra value and highest MRR.
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