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designing complex internal structures [4]. Turbine blades
made of Inconel 718 which are typical thin-walled parts with a
complex channel inside, can also be fabricated through AM
[5]- In the biomedical field, AM has been successfully used to
fabricate porous [6,7] and functionally graded structures [8] for
load bearing implants, such as hip stem [9].

However, a significant disadvantage arises in the poor sur-
face quality of additively manufactured surface, which has
become one of the critical factors limiting the application of AM
technology [10,11]. Even though some additively manufactured
surface made of polymer materials can achieve a good surface
texture, further post-process finishing is still needed for most
materials, such as alloys, ceramics, etc. And good surface

1. Introduction

Additive manufacturing (AM) technology has gained
increasing attention in recent years, and it has become a most
promising method for the production of complex components
used in various fields, such as optics, aerospace, automotive,
electronic, biomedical fields, etc. [1-3], owing to its unique
advantages compared to traditional subtractive process,
including the ability to produce geometric components with
high complexity, the increased speed of part delivery time
from design to the market, and the decreased material waste.
For example, AM has been successfully adopted to fabricate
large size light-weight metallic reflective mirrors through
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roughness is critical for many high-value-added products, such
as artificial implants, engine turbine blades, reflective mirrors,
etc. [12—14] Hence, post-process finishing is usually needed.
Various kinds of finishing methods have been developed and
tested for the post-process finishing of additively manufac-
tured surfaces, including the mechanical type finishing, high
energy beam finishing, chemical/electrochemical type finish-
ing, etc.

In mechanical type finishing, the material removal is
mainly induced through the application of the abrasive in
different way. Sand blasting method has been widely used for
the improvement of the additively manufactured external
surfaces, especially for the deburring [15]. While shot peening
is effective to reduce the surface roughness and improve the
mechanical property of additively manufactured surfaces [16].
Wen et al. [17] used the sand blasting method for the finishing
of powder bed fusion (PBF) Zn metal, and the surface rough-
ness was reduced from around 10 pm—4.83 pm. Damon et al.
[18] demonstrated that the shot peening process not only has
the potential to reduce the porosity ratio after PBF, but also
can increase the low and high cycle fatigue resistance after
shot peening by 20 MPa. As for the internal surface finishing
[19] of additively manufactured surfaces, the abrasive flow
machining (AFM) shows the best capability to date. Moham-
madian et al. [20] presented the AFM of additively manufac-
tured Inconel 625, and the surface roughness was reduced
from 7.3 um to 4.9 uym. The internal surface PBF Inconel 718
was improved from Ra 8—10 um—1.3 pm after 35 cycles of AFM
as reported by Guo et al. [21] In order to speed up the pro-
duction efficiency, mass finishing method such as vibratory
bowl finishing [22], barrel tumbling [23] and drag finishing [24],
were also frequently used in industrial field. However, the
above-mentioned mechanical type finishing methods have
the same problem, which is hard to maintain the surface form
and difficult to obtain nanometric surface roughness. Even
though some grinding methods such as shape adaptive
grinding [25] can implement nanometric surface roughness on
additively manufactured surfaces, it is difficult to be used for
many kinds of surfaces with complicated geometry.

As for the high energy beam finishing method, the typical
one is laser polishing. Lamikiz et al. [26] conducted the laser
polishing for the first time on the AISI 420 stainless steel made
by PBF method, and the surface roughness was reduced to
1.2—1.3 ym from the initial value of around 7.5 um. Marimuthu
et al. [27] demonstrated the surface roughness reduction from
10.2 pm to 2.4 pm on PBF Ti-6Al-4V samples after laser pol-
ishing. Not only the surface roughness improvement, laser
polishing can also increase the microhardness and wear
resistance of additively manufactured Ti alloy as reported by
Ma et al. [28]. However, laser polishing usually suffers from
the problem of surface carbonization, oxidation and undesir-
able phase changes [27,29]. Except for laser polishing, Sankara
et al. [30] recently presented the surface quality improvement
of PBF maraging steel by large pulsed electron-beam irradia-
tion. But both of the laser polishing and electron-beam irra-
diation methods can hardly obtain nanometric surface
roughness for the application of precision engineering.

For the case of complexed surfaces, especially possessing
the components with porous structure, chemical [31] or elec-
trochemical process [32] were usually adopted for the post-

process finishing. Zhang et al. [33] investigated the electro-
chemical polishing of PBF Inconel 718 component, and the
surface roughness was improved from 6.05 pm to 3.66 um only
within 5 min tyczkowska et al. [34] estimated the polishing
performance of chemical polishing of additively manufactured
scaffolds, and chemical polishing was found to be effective to
improve the surface roughness and remove loose powder par-
ticles trapped in the porous structure. Crane et al. [35] evaluated
a new chemical polishing process called the PUSh™ to reduce
the surface roughness of PBF nylon, which is able to reduce the
surface roughness from Ra 18 um—5 pm. Tyagi et al. [36]
compared the polishing performance of chemical polishing and
electrochemical polishing on additively manufactured 316 steel
components. The results showed that electrochemical polish-
ing obtained smoother surface than chemical polishing, while
electrochemical polishing has the problem when polishing
intricate shapes limited by the accessibility of the counter
electrode. The chemical and electrochemical polishing process
can implement fast finishing of additively manufactured sur-
face. However, it is difficult for them to maintain the dimen-
sional accuracy of the components.

Except for the above-mentioned methods, some
non-traditional methods were also tried by the researchers,
such as combined chemical-abrasive flow polishing [20],
rotating-vibrating magnetic abrasive polishing method [37],
combined ultrasonic cavitation and abrasion method [38],
hydrodynamic cavitation abrasive finishing [39] and
plasma additive layer manufacture smoothing (PALMS)
method [40].

It can be seen that both academia and industry are now
working to develop an effective method for the post-process
finishing of additively manufactured (AMed) components. A
particular challenging issue is to obtain nanometric surface
roughness and simultaneously maintain surface form accu-
racy, which limits the application of additive manufacturing in
high value-added precision engineering field. Fluid jet polishing
(FJP) method has been widely used in the optical surface pol-
ishing field, which can implement nanometric surface rough-
ness together with high form accuracy [41-43]. And different
kinds of abrasive water jet methods have also been developed
for some other applications [44,45]. But its material removal
rate is very slow, leading to limited applications. Qi et al. [46]
tried to integrate the assistance of the ultrasonic vibration on
the workpiece into FJP to enhance the polishing efficiency, and
44% increasement of the material removal rate was obtained.
Beaucamp et al. [47] innovatively developed a novel ultrasonic
cavitation assisted FJP system, with the enhancement of the
material removal rate up to 380%. The authors recently pro-
posed the multi-jet polishing (MJP) method, which has been
proved to be effective to boost the polishing efficiency and
maintain high form accuracy [48,49]. Since it can obtain high
surface quality as well as optical surfaces, it should also be
feasible for the finishing of additively manufactured surfaces.
In this paper, a multi-jet post polishing (MJP) method is pre-
sented as the post-process finishing method for additively
manufactured 316L stainless steel for the first time. The fin-
ishing performance of MJP was tested on additively manufac-
tured 316L stainless steel, including the surface roughness,
surface form profile, surface composition and microhardness
before and after polishing. Moreover, the effect of the key
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Fig. 1 — Schematic diagram of the multi-jet post polishing (MJP) system.

polishing parameters to the surface roughness was also
investigated.

2. Multi-jet post polishing method

Fig. 1 demonstrates the schematic diagram of the MJP method
[45]. The polishing slurry is stored in the slurry tank, which can
be circulated during the polishing process. During polishing,
pressurized slurry with high speed is impinged to the target
surface. The micro/nanometer scale abrasive mixed in the
slurry can be accelerated by the high-speed water and
impinged to the target surface to generate the micro/nano
meter scaler material removal, so as to perform the polishing
process. A multi-jet nozzle which can generate a number of jets

HANS-M-100

was adopted to boost the polishing efficiency as compared to
single jet, while maintaining similar polishing performance
with single jet. The material of the abrasive can be silicon
carbide (SiC), alumina (Al,03), ceria (Ce0,), silica (SiO,), etc. And
pure water or deionized water is normally used as the base
fluid. So, it can be used for the polishing of a wide range of
materials.

3. Experimental procedures
3.1.  Specimen preparation

In this study, a batch of selective laser melted 316L stainless
steel (PBF 316L SS) was used for experiments as shown in Fig. 2.

Fig. 2 — Photographs of the (a) PBF equipment and (b) Additive manufactured (AMed) specimens for the experiments.
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Table 1 — Conditions for powder bed fusion of 316L
stainless steel.

Conditions Value
Equipment HANS M100
Material 316L stainless steel
Particle size 0—25 um

Laser spot diameter 25 um

Laser power 70 W

Scanning speed 700 mm/s

Hatch distance 0.06 mm

Scan path Raster path

Layer thickness 20 pm

The PBF conditions are shown in Table 1. The workpieces were
cut off from the base using wire electrical discharge machining
(WEDM). The workpiece was 10 mm x 10 mm x 10 mm in size.

3.2.  Design of the experiments

Fig. 3 demonstrates the experimental set-up, built based on
ZEEKO IRP200 polishing machine. All experiments were per-
formed by Zeeko IRP200 Ultra-precision polishing machine as
shown in Fig. 3, using #1000 alumina (Al,O3) abrasive particles
with 10 wt.% concentration. A 7-jet nozzle with 0.5 mm nozzle
diameter were used for polishing in this experiment, and the
material of the orifice is sapphire. The raster polishing path
was adopted to polish the workpiece surface.

To investigate the polishing performance of multi-jet pol-
ishing on PBF 316L SS, five groups of mono-factor experiments
were designed. Group 1 focused on the difference of polishing
performance on the top and side surface under the same pol-
ishing conditions. Group 2—5 were conducted to investigate

the effect of key parameters of multi-jet polishing, including
feed rate, pressure, stand-off-distance and scan interval
respectively. Detail conditions are summarized in Table 2.

3.3.  Surface and subsurface characterization methods

The surface roughness was measured on a Zygo Nexview
white light 3D interferometer. The magnification of the object
lens was 40. The lateral and vertical resolutions of the mea-
surement were 208.8 nm and 0.1 nm, respectively. 5 randomly
distributed points were measured for each surface. The
measurement area for each point was 213.78 pm x 213.78 pm.
The arithmetic average surface roughness (Sa) and the surface
maximum height (Sz) were utilized to evaluate the surface
roughness, which are defined according to ISO25178 standard.
The surface roughness was analyzed directly in the software
Mx. A nine-order polynomial filter was used, and other set-
tings were the default settings of the software.

The micro-topography of the surface before and after pol-
ishing were measured on Alicona Infinite Focus 3D surface
measurement system. The surface 3D topography and 2D
sectional profile were both analyzed. The size of the mea-
surement area is 1.4305mm x 1.0852 mm. Moreover, an ultra-
high resolution field emission scanning electron microscope
(FE-SEM, TESCAN MAIA3) was used to analyze the micro/nano
surface texture or structure.

The microstructure was obtained by the prepared chemical
reagent and then chemically etched for 5 s with corrosive
liquids (10 mL HF + 30 mL HNO3). The chemical element
analysis of the surface before and after polishing was also
analyzed by the energy dispersive x-ray spectroscopy (EDS)
integrated in TESCAN MAIA FE-SEM. Meanwhile, an x-ray
diffractometer (XRD, Rigaku SmartLab, 9 kW-Advance) was
used to conduct the phase change before and after polishing.

J
~
>

7-jet nozzle

Fig. 3 — Experimental set-up of multi-jet post polishing. (a) Photograph of the experimental set-up on ZEEKO IRP200, (b)
Partial enlarged view of the experimental set-up, (c) SEM photograph of the FUJIMI 1000# Alumina abrasive, (d) Photograph

and design of the 7-jet nozzle.
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Table 2 — Design of the mono-factor experiments.

Group 1 Group 2 Group 3 Group 4 Group 5
Feed Rate [mm/min)] 20 A* 20 20 20
Pressure [bar] 8 8 B* 8
Stand-Off-Distance [mm] 5 5 5 G 5
Scan Interval [mm] 0.2 0.2 0.2 0.2 D*

A* Feed rate: 10, 20, 30, 40, 60, 80 mm/min; B* Slurry pressure: 4, 5, 6, 7, 8, 9, 10 bar.
C* Stand-off-distance: 2.5, 5, 7.5, 10, 12.5, 15 mm; D* Scan interval: 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 mm.

The nanoindentation hardness was tested by NanoTest
Vantange, and the test parameters were set as maximum load
50 mN, loading/unloading rate 2.5 mN/s, and dwell time 5s.
The top and side surfaces of each sample were tested

respectively, and each position was tested at 1 um, 3 pm, and
5 pm from the surface edge. The nanoindentation hardness
test was repeated twice to obtain the gradient nano hardness
within 5 um from the surface on both sides.

Fig. 4 — Snapshots of the top and side surface before and after MJP. (a) Top surface before MJP, (b) top surface after MJP, (c)

side surface before MJP, and (d) side surface after MJP.
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Fig. 5 — Surface topography of the top surfaces before and after polishing measured on Alicona IFM G4. (a) Surface
topography of the top surface before polishing. (b) Sectional profile along the yellow line of the top surface before polishing.
(c) Surface topography of the top surface after polishing. (d) Sectional profile along the yellow line of the top surface after
polishing (The sectional profile corresponds to the yellow line).
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Fig. 6 — Surface topography of the side surface before and after polishing measured on Alicona IFM G4. (a) Surface
topography of the side surface before polishing. (b) Sectional profile along the yellow line of the side surface before
polishing. (c) Surface topography of the side surface after polishing. (d) Sectional profile along the yellow line of the side
surface after polishing (The sectional profile corresponds to the yellow line).
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Fig. 9 — Surface roughness analysis results. Surface roughness contour of the top surface (a) before polishing and (b) after
polishing. Surface roughness contour of the side surface (c) before polishing and (d) after polishing.
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Fig. 11 — SEM photographs of the subsurface layer of the top surface before and after polishing. Subsurface microstructure of
the top surface before polishing under different magnifications of (a) 2000 x , (b) 5000 x and (c) 20,000 x . Subsurface
microstructure of the top surface after polishing under different magnifications of (d) 2000 x , (e) 5000 x and (f) 20,000 x .
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4, Results and discussions

4.1. Analysis of surface topography and surface
roughness

Fig. 4 shows the snapshots of the workpiece before and after
polishing. The top and side surfaces were largely smoothened
to obtain a much shiny surface with mirror-like property. In
order to observe the micro-topography of the surface, the
surfaces before and after polishing were observed on Alicona
InfiniteFocus 3D surface measurement system, and the re-
sults of the top surface and side surface are demonstrated in
Figs. 5 and 6, respectively. As shown in Fig. 5(a), obvious laser
melting marks along the scanning direction of laser during
PBF can be observed on the surface before polishing. The
interval between the laser melting mark is exactly the
same with the path scan interval (hatch distance) as shown in
Table 1. After MJP, the laser melting marks were successfully
eliminated, and the surface was smoothened as shown in
Fig. 5(c). As for the side surface, many partially melted pow-
ders can be observed before polishing showed in Fig. 6(a),
which are induced by the unmelted powders remaining in the
laser beam and powder bed boundary zone during the PBF
process. In addition, layer-by-layer building marks can also be
observed in the side surface. After MJP, both the partially
melted powders and layer-by-layer building marks were suc-
cessfully removed as shown in Fig. 6(c). Even though the PBF
surface after MJP can be smoothened, such as removing
debris, laser melting marks, and layer-by-layer building
marks, millimeter scale waviness form error is left after pol-
ishing. This should be induced by the initial surface form error
of the surface after PBF and cannot be corrected by MJP.

In order to analyze the microscale surface topography,
both the top surface and side surface before and after pol-
ishing were also measured on a MAIA TESCAN FE-SEM. The
surface topography of them were clearly demonstrated at
three different magnifications of 200, 2000 and 10,000. Figs. 7
and 8 shows the top and side surfaces before and after pol-
ishing under different magnifications, respectively. Except for
the laser melting marks, some debris can also be clearly
observed on the top surface before polishing showed in
Fig. 7(a)~(c). As for the side surface before polishing, the
partially melted powders, as well as the debris and cracks can
all be clearly seen on the surface before polishing as shown in
Fig. 8(a)~(c). After MJP, the laser melting marks, partially
melted powders, debris and cracks are all eliminated both on
the top and side surfaces as presented in Fig. 7(d)~(f) and
Fig. 8(d)~(f). It reveals that MJP can successfully smoothen the
PBF 316L SS. Only the micrometer scale erosion marks were
left on the surface as shown in Figs. 7(f) and Fig. 8(f), which are
caused by the impinging of the alumina abrasive on the sur-
face. The erosion mark in fluid jet polishing includes abrasive
indentation, ploughing, and scratching [50].

The surface roughness of the top and side surface before
and after polishing were also measured on Zygo Nexview
white light interferometer as shown in Fig. 9. The surface
roughness in Sa of the top surface was reduced from 0.84 um
to 0.033 um, and Sz was reduced from 10.504 um to 1.621 um.
The surface roughness reduction of the top surface in Sa can
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Fig. 13 — XRD analysis of the surface before and after
polishing. (a) Top surface, and (b) side surface.

reach 96.07%. While the surface roughness in Sa of the side
surface was reduced from 2.269 um to 0.03 pym, and Sz was
reduced from 26.02 um to 0.874 um. The surface roughness
reduction of the side surface in Sa can reach 98.68%. It in-
dicates that the MJP is effective to largely reduce the surface
roughness of the PBF 316L SS. The surface roughness of the
side surface was much larger than the top surface, which are
caused by the partially melted powders.

4.2.  Analysis of material hardness and microstructure

The microhardness of the top and side surface before and
after polishing were also measured to analyze effect of the
polishing process to the material mechanical property. Fig. 10
shows the microhardness measurement result of the top and
side surface before and after polishing. It is noted that the
microhardness of the top surface became larger after MJP.
When the depth is 1 pym, the microhardness was increased
from 3.5 GPa to 5.5 Gpa as shown in Fig. 10(a). And the
increasement becomes smaller with the increasing of the
depth. The reason for the hardness increasement is that the
material removal during MJP is induced the impinging of the
micro-meter scale abrasive, which is similar to the blasting
process or shot peening process. And it has been reported that
shot peening and sand blasting can increase the hardness of
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Fig. 14 — Composition analysis of the top surface (a) before and (b) after polishing.

the additively manufactured alloy surface [51,52]. Considering
that the abrasive in MJP is in micrometer scale, while the size
of particle used in shot peening and sand blasting is much
larger. Hence, the impinging force of each particle in MJP is
smaller than shot peening and sand blasting, leading to the
thinner hardness enhancement layer. In shot peening or sand
blasting, the surface is deformed under the indentation of the
particle. Nevertheless, except for the indentation, ploughing
and scratching process are also occurred under the effect of
the fluid, which is the main reason to obtain nanometric
surface roughness. As for the side surface, the microhardness
increasement is not obvious as shown in Fig. 10(b), because
this surface is interrupted by the laser melting layer, which is
harmful for hardness enhancement.

In order to analyze the surface microstructure of PBF 316L
SS before and after polishing, SEM photographs on the
sectional surface were taken as shown in Figs. 11 and 12. The
melting pool and boundaries can be clearly observed on the
section surface, as well as the scanning trace showed in
Fig. 11(a). The width of the melting pool is around 40 pm. And
the interval of each melting layer is around 20 um showed in

Fig. 12(a), corresponding to the layer thickness. Micrometer
scale grain cells can also be observed clearly observed, as
demonstrated in the bottom parts of Figs. 11(c) and Fig. 12(c).
The size of the grain cell is about ~0.5 pm—1.5 um, which
agrees well with previous studies [24,53,54]. The results also
indicate that MJP is effective to remove the surface debris,
laser melting marks, and defects. Moreover, no obvious
change of the microstructure can be observed between the
section surface before and after polishing.

4.3. Analyze of material phase and composition before
and after polishing

XRD analysis was also conducted to investigate if there is
phase change after MJP. The XRD comparison of both the top
and side surface before and after polishing were shown in
Fig. 13. The peak positions and values are quite similar to the
PBF 316L stainless steel as reported by Kaynak and Kitay [24]. It
is noted that the XRD curve of the surface after polishing are
almost the same with the result before polishing, indicating
no obvious phase change after MJP. Except that there exists
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Fig. 15 — EDS results of the element distribution (a) before and (b) after MJP (Only the elements with the weight percentage

larger than 0.4% are demonstrated here).

tiny difference on the peak value, which is induced by the
different surface roughness.

To further investigate the chemical composition of the
surface before and after MJP, EDS analysis was also conducted.
The analysis was conducted on the top surface only, since the
chemical composition on the top and side surface are the
same. Fig. 14 shows the analysis results of the composition of
the top surface before and after polishing. No obvious change
can be found on the surface, suggesting that MJP has no effect
on the chemical composition of the PBF 316L SS. In addition, it
is noted that the percentage of the Oxygen element is reduced
after polishing. Because there exists oxidization during the
high temperature laser melting process, generating oxide
layer on the surface. The oxide layer was removed after pol-
ishing, resulting in the reduction of the oxide element.
Moreover, it can be seen that the distributions of some ele-
ments are not evenly distributed on the surface induced by the
laser scanning trace as shown in Fig. 15 (a). Whereas these
elements turned into evenly distributed after MJP, induced by
the smoothen of the surface (Fig. 15(b)).

4.4. Effect analysis of key parameters

Except for the above analysis of the surface integrity, the ef-
fect of some key parameters is also conducted in this paper,
including fluid pressure, stand-off distance, scan interval and
feed rate. The top surface was used as the test surface in this
study.

Fluid pressure is one of the key factors in fluid jet polishing
process, 6 pressure levels were tested in this experiment. The
average value of the surface roughness of the top surface used
for this experiment is Sa 0.774 pm. Within this pressure range,
the general trend is that larger fluid pressure results in lower
surface roughness as shown in Fig. 16(a). When the fluid
pressure is smaller than 6 bar, the surface roughness is all
higher than 80 nm. While the surface roughness decreases
dramatically when the fluid pressure is 7 bar, which are all
around 40 nm. In fluid jet polishing, high fluid pressure can
obtain higher material removal rate [55]. When the fluid
pressure is lower than 6 bar, the material removal is not
enough to eliminate the surface defects, leading to the high
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surface roughness. Hence, the fluid pressure in MJP of PBF
316L SS should be larger than 6 bar to obtain better surface
roughness.

Fig. 16(b) shows that the polished surface roughness varies
with the stand-off distance. It is noticed that the surface
roughness has no obvious relationship to the stand-off dis-
tance within normal working range as reported in previous
publication [56]. Because the effect of the stand-off distance to
the material removal rate is not significant. When the stand-
off distance is in the range of 2.5 mm—10 mm, the surface
roughness is around 40 nm. When the stand-off distance is
larger than 10 mm, the material removal rate becomes lower,
induced by the reduced energy of the jet.

Scan interval and feed rate are key parameters in fluid jet
polishing which also determines the polishing time of the
process. The effect of scan interval and feed rate on MJP ad-
ditive manufactured (AMed) 316L SS are shown in Fig. 16(c)
and (d), respectively. Both two parameters show a positive
relationship with surface roughness, a larger scan interval
and higher feed rate would result in higher surface roughness
value. In Fig. 16(c), the change in scan interval resulted in a
relatively constant increase in surface roughness, 0.1 mm
interval shows the best performance after polishing of 27 nm.
Because when the scan interval is 0.1 mm, which is the min-
imum one, it corresponds to the longest polishing time.

Hence, the surface defects can be thoroughly removed, giving
rise to the lowest surface roughness. On the other hand, in-
crease in feed rate shows different trends in 10—30 mm/min
and 40—80 mm/min as indicated in Fig. 16(d). A sudden raise
has occurred at 40 mm/min, which reveals that 40 mm/min
may not have allowed sufficient time for abrasive particles to
perform certain extent of material erosion. Hence, the feed
rate smaller than 40 mm/min is recommended in MJP of PBF
316L SS in this study. However, with a smaller interval and
lower feed rate, the scanning path for polishing would be
longer and more time consuming, a balance and trade-off
between processing time and polishing performance is
needed.

4.5. Discussion on the material removal mechanism in
MJP of PBF surface

In MJP, a number of fluid jet arrays polish the surface simul-
taneously, and each jet has almost the same energy, leading to
similar material removal mechanism. Fig. 17(a) presents the
simulation result of the velocity distribution during the single
fluid jet polishing (FJP) process. Detail simulation procure and
modelling information can be found in [55]. The diameter of
the orifice is 0.5 mm. The fluid pressure is 8 bar. The stand-off
distance is 5 mm. Itis noted that the velocity is close to 0 at the
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the erosion behavior of the abrasive.

center of the impinging region. The sectional profile of the
velocity distribution along the target surface has also been
extracted as shown in Fig. 17(b), it is observed that the velocity
in the center is the smallest, which is almost close to zero, and
turns to the largest first and decrease gradually from the
center to external region. Fig. 17(c) shows the measured tool
influence function (TIF) of the single fluid jet on PBF 316L SS. In
order to extract the TIF accurately, micro-milling was con-
ducted before the TIF generation experiment to obtain a plane
surface. It is noted that the shape of the TIF is like a ‘W’ shape,
which means that the material removal at the center region is
the smallest. The cutting velocity becomes larger first and
then decreases gradually from the center to the edge. It is
different with the high-pressure abrasive water jet machining
[57], whose TIF shapes are ‘U’ shape or gaussian-like shape
[58]. Because in FJP, the deformation or indentation has much
less contribution to the material removal, induced by the
relatively small energy of each abrasive. The material removal
in FJP is mainly induced by the ploughing and cutting removal
mode as shown in Fig. 17(d).

The material removal mechanism of single fluid jet pol-
ishing is also suitable for MJP, since MJP is just a combination
of an array of fluid jets. Fig. 18(a) shows the TIF of MJP under
the same conditions of the result in Fig. 17. Seven ‘W’ shape
TIFs can be clearly seen on the TIF of MJP, except for some
shape deformation affected by the jet interference. The

material removal of each jet is quite similar. The material
removal mechanism of MJP of PBF 316L SS on top and side
surfaces are shown in Fig. 18(b) and (c), respectively. On the
top surface, there are defects such as laser scanning trace,
partially melted powder, and debris. After MJP, these defects
are all eliminated induced by the erosion of the alumina
abrasive as shown in Fig. 18(b), including the obvious laser
scanning trace and laser melting mark, which can be proved
by the results in Fig. 7. Nevertheless, the millimeter scale
waviness error existed on the as built (before finishing) sur-
face cannot be smoothened to be a flat surface, indicated
from Fig. 5. It infers that MJP can maintain the surface form
well, while it cannot improve the surface form. This is the
reason why FJP can be used for the polishing functional
structured surfaces [42]. As for the side surface, there are
many partially melted powders on this surface, as well as
some debris and cracks. After MJP, almost all these defects
can be removed as shown in Fig. 18(c), which can be proved
by the results in Fig. 8. Similarly, the millimeter scale wavi-
ness error cannot be smoothened to be a flat surface, indi-
cated from Fig. 6. Hence, MJP is effective to remove the
surface defects and improve the surface roughness of the PBF
316L SS. Just like other post-processing methods (i.e. laser
polishing, chemical polishing, abrasive flow finishing, etc.),
MJP cannot improve the form accuracy of the as-built
surface.
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4.6. Comparison between MJP and other post-process
finishing methods

In order to demonstrate the advantages of MJP, the compari-
son between MJP and other popular post-process finishing
methods based on some typical indicators is summarized in
Table 3. Through the comparison, it is noted that the MJP can
obtain nanometric surface roughness on AMed alloy surface,
while other processes can hardly obtain the surface roughness
smaller than Sa 0.1 pm. Even though shape adaptive grinding
method can obtain the surface roughness as low as 3 nm on

AMed Ti6Al4V alloy, the polishing tool can hardly adapt to the
complicated freeform surfaces, especially for the surface with
micro cavities or structures.

In addition to the low surface roughness, MJP can be used
on a wide range of materials, including alloys, glass, and ce-
ramics. And it can be used for the polishing of external surface
with extremely complicated geometry, due to the highly
flexibility of the fluid jet. And for some internal surface with
large size, it can also be polished using MJP according to our
previous research [81]. Moreover, MJP has much higher form
maintainability as compared to most of the current popular
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Form
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Material
applicability complicated external internal surface maintainability

obtained on AMed alloy

surface

surface

[48,49]

Sa 30 nm, or smaller
using finer abrasive
Sa <0.2 um [59]

High

Medium

High

Wide

Multi-jet Polishing

[59-61]

High

Low

Low

Wide

Grinding
/Milling

Traditional machining method

Sa <0.1 pm [59]
Ra 0.9 pm [64]
Ra 3 nm [24]

Medium
Low

Medium

Low

Narrow
Wide
Wide

Burnishing

Medium
Low

High

Mass Finishing

Mechanical removal method

Medium High

Shape adaptive Grinding

induced by abrasive or small

particle

Sa 0.15 pm [69]
Ra 1.3 ym [21]

Medium

Low

Medium
High
Low

Medium-High

Medium
High

Narrow
Wide
Wide

Magnetic field assisted finishing
Abrasive Flow Machining

Sand blasting

Ra 0.19 pm [71]

Low

/shot peening

[72-76]
[30]

Ra 0.1 pm [72]
Sa 0.5 um [30]
Sa 1.7 um [77]
Ra 1 um [80]

Medium
High
Low

Low

High
High
High
High

Laser polishing Wide

High energy beam method

Low

Medium
Narrow

Electron-beam irradiation
Electrochemical polishing

Chemical polishing

[11,77—79]
[31,80]

High
High

Chemical/electrochemical

Low

Narrow

Note: Bold items are usually regarded as advantages. *These characteristics are mainly considered when evaluating a postprocess finishing process. ® This is only a general comparison and these

characteristics may vary for specific tools.

finishing methods, including mass finishing, and electro-
chemical/chemical polishing.

5. Conclusions

Post-process finishing is still a challenging issue for the
extending the applications of additive manufacturing. A
multi-jet post polishing (MJP) process is proposed for the post-
process finishing of powder bed fusion (PBF) 316L stainless
steel (SS) in this paper. The finishing performance of MJP on
PBF 316L SS has been demonstrated through a group of sys-
tematic experiments, as well as the investigation on the pol-
ishing performance. The following conclusions can be drawn
based on the experimental results.

(1) MJP is effective for the post-process finishing of PBF

316L SS, which can obtain nanometric surface rough-

ness together with high form accuracy. The surface
roughness in Sa was reduced from 2.269 pm to 0.030 pm
after MJP, while it was reduced from 26.02 pm to

0.874 um in Sz.

MJP can successfully remove the surface defects on the

PBF 316L SS, including partially melted or melted par-

ticles, laser melting marks, debris, and cracks.

(3) The microhardness of PBF 316L SS can be increased
after MJP on the top surface. However, the hardness
increasement depth is not larger than 1 ym. Moreover,
there is no obvious effect on the microhardness of the
side surface after MJP.

(4) There is no obvious influence of MJP on the surface
microstructure, surface composition and material
phase of PBF 316L SS.
Within appropriate working pressure range, higher fluid
pressure can obtain higher material removal rate, so as
to obtain better surface roughness. Smaller scanning
interval and feed rate can obtain better surface rough-
ness induced by longer polishing time. No obvious effect
of the stand-off distance to the surface roughness is
found in MJP.
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