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Abstract: While metal additive manufacturing has seen significant growth in recent years, the surfaces
produced often need post-processing to improve surface finish, mitigate residual stresses, and remove
surface-connected porosity. Laser polishing, by means of remelting a thin layer of the surface, is one
post-processing method being investigated for surface finish improvements and other surface
enhancements. In this work, the surface morphology and microstructure of laser powder bed fused (L-
PBF) stainless-steel 316L (316L) before and after laser polishing are characterized by optical
microscopy (OM), scanning electron microscopy (SEM), electron back-scatter diffraction (EBSD), and
transmission electron microscopy (TEM). In addition, the cross-sectional microhardness of the samples
is measured and reported. Additionally, the as-built and laser-polished sample’s tensile properties are
characterized using uniaxial tension tests. The results indicate that the surface roughness of as-built
316L (Sa = 4.84 um) can be substantially reduced through laser polishing (Sa = 0.65 um). After laser
polishing, the average grain diameter is reduced and the proportion of low angle grain boundaries (2°~5°)
is increased in the L-PBF 316L. The maximum sub-surface hardness reaches 262 HV, and both the
tensile strength and ductility of 316L are increased after laser polishing. This enhancement is attributed
to thermal cycling stresses, grain refinement, the elimination of surface defects, and dislocation
strengthening after laser polishing.
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1. Introduction

Laser powder bed fusion (L-PBF) is one promising technology in the quickly growing field of
metal additive manufacturing (AM). L-PBF utilizes a high-energy laser beam to melt metal powder and
produce complex three-dimensional parts in a layer-by-layer process that builds parts from bottom to
top [1-3]. This manufacturing process does not require any tooling die and is not limited by the
complexity of the shape of the part. It has broad application prospects, specifically in the biomedical
and aerospace industries [4-6]. L-PBF provides many advantages over traditional manufacturing
techniques, but still has drawbacks that limit its widespread use for high-performance parts. Since L-
PBEF is a solidification-based process, it is prone to unmelted powder, voids, cracks, variable grain size,
and other defects [7, 8]. Some surface defects, such as unmelted powder and physical ripples can
significantly affect the surface quality and mechanical properties of the as-built part [9].

Compared to polishing by mechanical material removal, laser polishing by remelting provides an
adjustable polishing velocity, no chemical contamination from polishing media, and is a non-contact
process without tool wear or other polishing-media consumables [10-12]. Shielding gas to minimize
oxidation may be a consumable in some applications of laser polishing. When the laser interacts with
the surface of the metallic material, it can quickly polish and consolidate the surface due to fluid forces
within the melt pool. For complex metal surfaces, laser polishing can also achieve micron-scale and
selective polishing quickly. Laser polishing is also suitable for low-hardness metallic material that may
be difficult to polish using conventional methods. Due to these advantages, this technology is expected
to supplement or potentially replace traditional polishing methods in some application areas [13-15].

Laser polishing by surface remelting has been demonstrated to work for a variety of materials built
using L-PBF, including, but not limited to, titanium, cobalt, aluminum, and steel alloys [16-19]. Bhaduri
et al. [16] investigated the influence of laser fluence and pulse overlap on surface roughness of L-PBF
processed 316L surfaces. The initial surface roughness Sa (arithmetical mean height) was improved by
90 % from the as-received value of Sa = 2.41 pm at the optimized polishing parameters. Rosa et al. [17]
post-processed L-PBF 316L samples using multiple laser polishing parameter sets. After five passes,

the surface roughness (Sa) was reduced to 0.79 um with a reduction of 96 %. Yasa and Kruth [18] used



a continuous wave Nd:YAG laser to polish L-PBF processed 316L parts. They studied the effect of scan
line spacing, laser power, and velocity on the surface roughness of parts and found that the average
roughness was reduced by approximately 70 %. Recent research by Lan et al. [20] demonstrated that
laser polishing could improve the corrosion resistance of L-PBF processed 316L, which was attributed
to the reduction of surface roughness and refined grains. Although many studies have shown that laser
polishing can reduce the surface roughness and improve the mechanical properties of L-PBF processed
parts, there are various open questions about how the laser polishing affects the mechanical properties
of the final part. The failure of a part can often start from the surface layer, and the performance of a
product, especially in regards to its reliability and durability, depends to a large extent on the surface
quality of the part [19]. As with traditionally manufactured parts, the properties of L-PBF processed
parts depend not only on the surface morphology but also on the microstructure. As the laser polishing
process causes the surface to melt and resolidify numerous times, it is expected to affect the
microstructure of the melted material. Those changes in microstructure could have a significant effect
on the performance of the part. Therefore, understanding the impact that laser polishing has on the
microstructural evolution of L-PBF processed parts is critical for understanding the final part’s
performance.

In this study, laser polishing was employed as a post-treatment to improve the mechanical
properties of 316L prepared by L-PBF. The changes of surface morphology, microstructure, and tensile
properties before and after laser polishing were investigated. Additionally, the cross-sectional
microhardness of all samples was measured. This paper aims to study the relationship between the
process-microstructure-properties of laser polishing L-PBF processed 316L. This work provides an
insight into laser polishing of 316L parts fabricated by L-PBF and the effect the process can have on

those part’s mechanical performance.

2. Materials and methods

2.1. Sample production

In this study, 316L samples were fabricated on a stainless-steel 316L substrate using a powder-bed



fusion process (EOS, M290, Germany). Table 1 shows the actual chemical composition of the 316L
measured from as-built samples. The measurements were made using combustion infrared detection (for
C and Si), inert gas fusion (for O and N), and direct current plasma emission spectroscopy (others). In
the L-PBF process, the laser power, layer thickness, and the scan velocity were 195 W, 0.02 mm and
1083 mm/s, respectively. The building direction (BD) was perpendicular to the tensile load direction.
The scanning strategy used a 67° rotation between subsequent layers. In order to do preliminary
experiments for final experimental parameter selection and for microstructure measurements, various
test coupons (with nominal dimensions of 20 x 20 x 5 mm?®) were printed (Fig. 1(a)). In addition,
samples with nominal dimensions of 49 x 10 x 5 mm® (Fig. 1(a)), were printed alongside the test
coupons, and subsequently machined (HAAS, TM1, USA) into tensile samples. The tensile samples
(Fig. 1(b)), which were nominally 5 mm thick with a gage length of 25 mm, were cut from the 49 x 10
x 5 mm? samples [21]. The dimensions of the tensile samples are based on ASTM ES8 and ASTM E345-
6 with a reduced grip length to allow all of the samples to be printed in a single build. The samples were
not heat-treated or stress relieved before being characterized and tensile tested, in order to test the as-

built performance.

Table 1. Chemical composition of SS316L measured from as-built samples. All values are in wt%.

Element Cr Ni Mo C Mn Cu P S
18.390 13.940 2.860 0.004 1.470 0.002 0.017 0.004
Element Si N (6] H Co Al Fe

0.300 0.065 0.043 0.00008 0.0036 0.002 Bal.
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Fig. 1. (a) Two different sizes of L-PBF processed samples; (b) the dimensions of the tensile samples; and (c) partial
enlargement drawing of laser-polished region showing the starting point, the laser polishing scanning path and the ending

point (distances are given in mm).

2.2. Laser polishing experiments

A schematic of the laser-polishing system is shown in Fig. 2(a). The scanning head (SCANLAB,
hurrySCAN 1I 14, Germany) is used to scan at high speed in a two-dimensional horizontal plane. The
position of the sample surface and corresponding laser-beam diameter is controlled by manually
adjusting the Z-platform with 0.127 mm steps in the vertical direction. In this study, a 1070 nm, 200 W
fiber laser (SPI lasers, Model SP-200C-W-S6-A-B, Germany) was used. The schematic diagram of the
remelting mechanism of laser polishing is shown in Fig. 2(b). Laser polishing is the process of melting
and re-solidifying a thin layer of the surface. The molten material flows due to surface tension to fill the
surface depression, resulting in a final, smooth surface. During the laser-polishing process, the thickness
of the molten layer is generally on the micrometer scale [22, 23]. Three different regions are found
inside the laser-polished part, namely the melting zone (MZ), the heat affected zone (HAZ), and the
base material (BM) [24].

Laser-polishing tests were carried out on the top surface of 20 x 20 x 5 mm?® cuboids of 316L, one
of which is referred to as “coupon” in Fig. 1(a). Fifteen tensile samples were prepared, three of which
were tested as-built, and the other twelve samples were treated with different laser polishing conditions.

For all the laser-polished tensile samples, the laser-polishing treatment was performed on their gage



sections. The starting point (blue point), the ending point (red point) and the laser polishing path were
depicted in Fig. 1(c). Laser polishing was performed at a 50 W laser power with a 200 um beam diameter
and varied the velocity (100 mm/s and 200 mm/s) and the number of polishing pass (one and three
passes). The overlap rate was 80 %, which corresponded to a step-over value between subsequent lines
of 40 pm. For clarity, the different sets of laser polishing parameters are referred to as S1, S2, S3, and
S4. The experiments were performed in a vacuum chamber at an absolute pressure of 0.07 Torr to help
minimize surface oxidation and contamination. The detailed processing parameters for each of the four

conditions are given in Table 2.
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Fig. 2. (a) Schematic diagram of experimental setup for laser polishing; (b) schematic view of the remelting mechanism.

Table 2. Laser polishing parameters used in this study.

S1 S2 S3 S4
Beam Diameter (pm) 200 200 200 200
Laser Power (W) 50 50 50 50
Line Spacing (mm) 0.04 0.04 0.04 0.04
Velocity (mm/s) 100 200 100 200
Number of Passes (-) 1 1 3 3

2.3. Microstructure observation and characterization

All samples were ultrasonically cleaned in acetone for 15 minutes, after which their surface
morphologies were observed using an optical microscope (OM) (KEYENCE, VK-X250, Japan) and

field emission scanning electron microscope (FE-SEM) (JEOL, JSM-7800F, Japan). The surface



roughness of all samples was measured by optical microscopy (OM) (KEYENCE, VK-X250, Japan)
and subjected to a waviness filter of 250 pm. The surface roughness values reported represent the
average of 10 different measurements. To observe the cross-sectional microstructure, the sample was
cut perpendicular to the laser-polished surface. After mounting, grinding and polishing, samples were
etched at room temperature using a solution (HCl: HNOs: H,O = 3:1:2) for approximately 50 s. The
cross-sectional microstructure of the 316L were characterized by OM (KEYENCE, VK-X250, Japan)
and FE-SEM (JEOL, JSM-7800F, Japan). The samples’ surfaces were also analyzed by electron back-
scattered diffraction (EBSD). The EBSD mapping was performed in an FE-SEM (JEOL, JSM-7800F,
Japan) equipped with EBSD pattern acquisition software (TSL, OIM, USA) with a step size of 2 ym. In
order to remove erroneous datapoints collected during EBSD, the data used to calculate grain diameter
and misorientation angle was post-processed to remove grains with diameters less than 8 um and
misorientation angles smaller than 0.5 degrees.

Transmission electron microscope (TEM) (JEOL, JEM-2100, Japan) was used for deeper
microstructural characterization. In order to obtain the microstructure close to the top surface layer, a
protective layer was electroplated on the 316L top surface layer. Thin foils, approximately 1-mm-thick,
parallel to the cross section, were cut by electro-spark wire-electrode cutting, and then manually ground
to a thickness of approximately 100 um. 3 mm diameter discs were punched from the foils. These discs
were then electropolished by double jet electropolishing to produce standard samples conforming to

TEM observation.

2.4. Cross-sectional microhardness measurement

The microhardness of the sub-surface of the samples was measured on their cross-section using a
microhardness tester (Future-tech, FM-800, Japan) with a load of 25 g and a dwell time of 15 s. The
average hardness value of each depth was measured from the polished surface to the bulk hardness level

at intervals of 20 um. The reported value was the average value of ten measurements.



2.5. Tensile property measurement

Tensile tests were carried out at room temperature by a tensile test machine (MTS, Sintech10/GL,
USA) with a constant crosshead displacement rate of 1 mm/min. The strain was obtained by using an
optical system incorporating a Digital Image Correlation System (DIC). Prior to the tensile test, the gage
segments of each sample were sprayed with a random speckle pattern. During the test, the charge-
coupled device camera was mounted in front of the sample and automatically acquired the image at 2
frames per second. After the test, the images were analyzed (Correlated Solutions, Vic-2D, USA) to
calculate the strain evolution across the sample. Three samples were tested for each condition, and
representative stress-strain curves were reported. The reported values were an average of three tests.
Additionally, the fracture morphology of the tensile samples was examined via an FE-SEM (JEOL,

JSM-7800F, Japan) to characterize the fracture behavior.

3. Results and discussion

3.1. Surface morphology

One of the limitations of the L-PBF process is the surface finish (i.e., roughness, waviness) that
can be achieved. Fig. 3(a)-(¢) show the 3D surface topographies of all samples. The as-built sample
exhibits a periodic surface topography along the scanning direction of the L-PBF process (Fig. 3(a)).
Many peaks and valleys are spotted on the top surface of the as-built sample, which has an average
surface roughness Sa =4.84 um (Fig. 3(a)). The surface topography of all the post-processed (i.e., laser-
polished) samples shows a new orientation along the laser polishing direction indicated by the white
arrow in Fig. 3(b)-(e). After polishing. the surface is smoothed with less peaks and valleys. It can be
seen from the maximum and minimum on the scale bar (um) that the peak-to-valley height of samples
decreases from 118.53 pum to 52.02 pm, 69.80 um, 36.08 um, and 40.62 um for S1, S2, S3, and S4,
respectively. The maximum reduction of surface roughness (Sa) of S3 is approximately 86.6 % with a

final Sa = 0.65 um.
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Fig. 3. Three-dimensional (3D) surface topographies of all samples: (a) as-built; (b) S1: 100 mm/s, one pass; (c) S2: 200
mm/s, one pass; (d) S3: 100 mm/s, three passes; (e) S4: 200 mm/s, three passes.

The top surface morphology under different conditions is shown at higher magnifications in Fig.
4. Many small powder particles and wave-like features at various scales exist on the as-built surface.
The laser scanning tracks are continuous, forming clear ripples along the direction of the scanning track
during the L-PBF process (Fig. 4(a)). Significant valleys can be seen between subsequent scanning
tracks (Fig. 4(b)). Some powder particles remain on the surface (Fig. 4(b)), possibly due to incomplete
melting of the powder or splashing of the particles. Those contribute to the relatively high surface
roughness of the as-built 316L (Fig. 3(a)). After laser polishing, the surface is considerably smoother
compared to the as-built samples. The powder particles, ripples, and valleys on the as-built 316L have
disappeared or been significantly reduced in magnitude after laser polishing. The laser-remelted tracks
are in the same direction as the laser polishing, as indicated by yellow arrow in Fig. 4(b). The laser-
remelted tracks are not as clearly identifiable from Fig. 4(c). Residual bumps on the laser-polished
surface are marked by ovals in Fig. 4(c), which may be due to the low energy density at a higher velocity
(200 mm/s). After laser polishing at a velocity of 100 mm/s, a relatively flat surface with partially
deposited material near the boundaries of individual laser-remelted tracks can be observed in Fig. 4(b).

After three passes, the surface becomes smoother, especially for S3 (Fig. 4(d)), which agrees with the



previous observation that the surface roughness of the S3 is the lowest in Fig. 3(d).
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Fig. 4. SEM micrograph showing the top surface morphology of all samples: (al) as-built; (a2) the magnified view of
the rectangle in (al); (b) S1: 100 mm/s, one pass; (c) S2: 200 mm/s, one pass; (d) S3: 100 mm/s, three passes; (e) S4: 200
mmy/s, three passes.

Energy dispersive x-ray spectroscopy of the surface after laser polishing did not observe significant
changes in the surface elemental composition except for higher nitrogen and oxygen quantities in the
200 mm/s samples compared to the 100 mm/s samples. However, it is not clear if the observed oxygen

and nitrogen was from additional oxidation or leftover from initial concentrations on the as-printed



surface. To observe the grain morphology, size, orientation, and texture, EBSD mapping was performed
on the top surface of the samples (Fig. 5). The black arrow in Fig. 5(b) is the direction of laser polishing.
Since the crystal orientation in the Z (BD) direction is of interest, the inverse pole figure (IPF-Z plot) is
presented to show grain morphology and orientation [25, 26]. It can be observed in Fig. 5(a) that the
grains are arranged in a checkerboard-like pattern, which is related to the scanning strategy during L-
PBF processing 316L (67° turning was used between layers) [27, 28]. The color-coded stereographic
triangle inversed pole figure (IPF) is inserted in the bottom right corner of Fig. 5(b), where red, green,
and blue represent the (001), (101), and (111) orientations, respectively. Most of the grains of the as-
built sample show green (101) orientation in the IPF-Z plot image (Fig. 5(a)), which is attributed to the
preferred growth direction of the grains. During the L-PBF process, a large temperature gradient is
formed between the center and edge of the melt pool. The grains preferentially grow along the direction
of the temperature gradient (i.e., direction of heat flow) [29]. As shown in Fig. 5(b), after laser polishing,
microstructural refinement appears to occur visually. However, the green (101) orientation remains the
dominant direction on the IPF-Z. A <110> || BD fiber texture is also observed in both as-built and S3
samples (Fig. 5(c) and (d)). Bahl et al. [30] also found this fiber texture in 3D printed 316L stainless
steel. Despite the overall fiber characteristic of the texture, the texture index for the as-built and S3
sample is 4.51 and 5.49, respectively. By remelting the surface during laser polishing, new epitaxial
grain growth occurs from the previous grains. This may be the reason for the texture strengthening

following polishing.
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Fig. 5. EBSD orientation maps from the top view of (a) the as-built sample and (b) laser-polished sample (S3);
corresponding pole figures for (c) the as-built sample and (d) laser-polished sample (S3).

In order to more clearly show the effect of laser polishing on the surface grain morphology, the
laser-polished surface is observed at a higher magnification. As shown in Fig. 6, after laser polishing,
the grain is found to be partially orientated along the direction of laser polishing (marked by the black

arrow). This demonstrates that the laser polishing path influences the grain morphology and elongation

direction.
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Fig. 6. EBSD orientation maps from the top view of laser-polished sample (S3): (a) IPF-X; (b) IPF-Y; and (c) IPF-Z.

In this analysis, grains with size less than 8 pm and misorientation angle of less than 0.5 degrees
were defined as erroneous datapoints and removed. In order to quantitatively analyze the effect of laser
polishing on the average grain size, Fig. 7(a) and (b) depicts the histogram of grain size of the as-built
and S3 sample, respectively. For the as-built sample, the fraction of grains with size smaller than 10 pm
accounts for 16.4 %, and the average grain diameter is approximately 18.4 pm (Fig. 7(a)). It can be seen
that the S3 sample shows a refined microstructure (Fig. 5(b)). The average grain diameter of the S3
sample is 17.3 pm, and grains (diameter < 10 pm) occupy 23.2% (Fig. 7(b)). The distribution of grain
boundary misorientation of the as-built and S3 sample is obtained by EBSD, as presented in Fig. 7(c)
and (d), respectively. For both the as-built and S3 sample, most of the grain boundaries are found to be
low angle grain boundaries (LAGBs) (2°<LAGBs<15°). In particular, the grain boundaries between
2°~5° account for 53.4% in the as-built samples (Fig. 7(c)), while it is increased to 64.6% after laser
polishing (Fig. 7(d)). It is well known that the LAGB located between 2°~5° is not a true grain boundary,
but a sub-grain boundary formed by rearrangement of dislocations. [29, 31]. The aspect ratio distribution
of the two samples are shown in Fig. 7(e) and (f). After laser polishing, the average aspect ratio is

slightly increased.
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Fig. 7. EBSD grain size distribution of (a) as-built sample and (b) laser-polished sample (S3); and grain boundary
misorientation distribution of (c) as-built sample and (d) laser-polished sample (S3); grain aspect ratio distribution of (e)

as-built sample and (f) laser-polished sample (S3).

3.2. Microstructure analysis

Fig. 8(al) and (a2) show the microscopic properties of the as-built sample in the cross section,
where the building direction (BD) of L-PBF is marked by a red arrow in Fig. 8(al). The top surface of

the as-built sample is uneven because of the poor surface quality previously reported in §3.1 (Fig. 4(al)).



Because L-PBF processing is a characteristic of layer-by-layer processing, it can be easily seen that the
layers of the melt pool are stacked on the cross section. The average depth of the melt pool is more than
50 pm and the width of melt pool is observed to be greater than 100 um (Fig. 8(a2)).

The cross-section of the laser-polished sample is also analyzed to confirm the subsurface
microscopic properties, as shown in Fig. 8(b)-(d). Compared with Fig. 8(a2), the top surface of the
sample is much flatter. The size of the melt pool left by laser polishing is considerably smaller than that
produced by L-PBF, with a larger aspect ratio between the width and depth of the melt pool. Moreover,
the melt pool has an average depth of approximately 28.1 um for the S1 (100 mm/s velocity) condition
verses an average depth of 21.7 pm for the S2 (200 mm/s velocity) condition. As the number of polishing
passes increases to three, the average depth of the melt pool increases to 42.7 um (S3, 100 mm/s velocity)
and 35.9 pum (S4, 200 mm/s velocity), which represents an increase of 52 % and 65 %, respectively,
over the single pass tests. As the laser velocity increases, the depth of melt pool is reduced.

In continuous wave polishing, the energy density E (J/mm?) of the laser can be defined by Eq. (1)

[32]:

P
DY,

(D

where P is the laser power (W), D is beam diameter (mm), and V7 is velocity (mm/s). Chang et al. [33]
also reported that within a certain range, the depth of the melt pool increases as the laser energy density
increases. Since the laser velocity is inversely proportional to laser energy density, when the laser
velocity is 100 mm/s, a deeper melt pool would be expected. When the velocity decreases from 200
mm/s to 100 mm/s, the average depth of the melt pool increases by 29 % (one pass) and 19 % (three
passes). Both the number of polishing pass and the velocity have an effect on the average depth of the
melt pool, and the influence of the former is greater. Interestingly, the depth of the deepest melt pool of
the three pass samples (Fig. 8(d) and (e)) seems to be deeper than the deepest melt pool of the single
pass samples Fig. 8(b) and (c). The deepest melt pool visible in the three pass samples appears to be
from the second of the three passes. While the cause for the variation in the melt pool depth is not known,

it may be that the first laser pass left an oxide film (Fig. 4(b) and (c)) on the surface that increased the

laser absorption in the second pass causing a deeper melt pool. Approximately 5 minutes was waited



between each pass on the multi-pass samples to ensure an equalized temperature field across the sample.
However, it is possible that the material started at an elevated temperature for the later passes, which

could also contribute to the variance in the melt pool depth.

(al) g —_ (a2)

Fig. 8. Optical micrograph of cross section of all samples: (al) as-built at a low magnification; (a2) as-built at a high
magnification; (b) S1: 100 mm/s, one pass; (c) S2: 200 mm/s, one pass; (d) S3: 100 mm/s, three passes; () S4: 200 mm/s,

three passes.

Fig. 9 shows the as-built microstructure in a cross-section perpendicular to the final L-PBF building

layer and parallel to the building direction (BD) marked by the white arrow in Fig. 9(a). Long columnar



grains are observed in the build direction. This phenomena has been frequently reported for L-PBF
processed parts [34, 35]. Their formation is due to the temperature gradient during processing, the
preferred <001> growth direction of the austinite during solidification, and epitaxial grain growth from
the grains of the previous layer [29, 36]. Within the columnar grains both columnar and cellular sub-
grain structures can be observed that are believed to be primary dendrites without secondary arms due
to their preferred growth direction (Fig. 9(b), (c), and (d)). As indicated by the yellow arrows in Fig.
9(a), the columnar structures tend to grow perpendicular to the melt pool boundary (Fig. 9(c) and (d)),
which is the direction of the heat flow. However, these columnar structures may be a remnant of the
sample sectioning and may actually be the cellular structure sectioned at an angle. At the overlapping
region between two melt pools, cellular structures can be seen (Fig. 9(b)). As seen in Fig. 10(a) and (b),
after laser polishing, the cellular structures in the S3 sample appear to be more common than the as-
built sample. In addition, the bottom of the melt pool formed after laser polishing also has a columnar
structure (Fig. 10(c)). The size of the cellular structure changes somewhat along the depth direction, and
there is a thin layer of cells at the top surface layer that are smaller and cover the entire surface (Fig.
10(d)).

Further microstructure analysis was conducted using TEM characterization. The microstructures,
including dislocations and dislocation cells, can be seen in TEM images obtained from the as-built
samples (Fig. 9(e) and (f)). The initial columnar structures consist of a large number of dislocation
structures (Fig. 9(e)). Fig. 9(f) shows that many dislocations are arranged within the interdendritic region.
The average diameter of the dislocation cells is approximately 0.6 pm, which corresponds to the cellular
structures observed in the etched samples (Fig. 9(b)). Additional dislocations can also be observed
within the dislocation cells. After laser polishing, the dislocation density within the cellular structures
appears to qualitatively increase, and many dislocations appear to gather in the interdendritic region to
form larger dislocation walls (Fig. 10(e) and (f)). Dislocation tangles can also be observed in the

interdendritic region (Fig. 10(e) and (f)).
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Fig. 9. SEM images showing characteristic cross-sectional microstructure of as-built sample: (a) the SEM image at low

magnification; (b)-(d) the enlarged view of B, C, and D in (a) respectively; (¢) and (f) TEM images.
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Fig. 10. SEM images showing characteristic cross-sectional microstructure of S3 sample: (a) and (b) the SEM image at

low magnification; (c)-(d) the enlarged view of C and D in (a) respectively; (e) and (f) TEM images.

3.3. Cross-sectional microhardness measurement

To assess the depth of the affected layer, all samples were subjected to in-depth microhardness
measurements. As illustrated in Fig. 11(a), the mean microhardness of as-built sample is approximately 208
HV and remains relatively constant with depth. After laser polishing, the maximum hardness (~10 pm from
the top surface) of S1, S2, S3 and S4 reaches 241 HV, 228 HV, 262 HV and 256 HV, respectively. Additionally,

a hardened layer is formed in the material after laser polishing. Bhaduri et al. [16] and Fang et al. [37] also



reported a gradient hardened layer induced by laser polishing of AM parts. Fig. 11(a) shows that the thickness
of the hardened layer is between 50 pm and 70 pm, beyond which all the samples have the same hardness as
the base material. It is worth noting that the thickness of the hardened layer is larger than that of the melt
pool formed by laser polishing shown in Fig. 8. It has been reported in other literature [24] that laser polishing
not only forms a certain depth of melting zone (MZ) in the sample (i.e., the formed melt pool in Fig. 8), but
also forms a heat affected zone (HAZ). Yung et al. [38] and Lamikiz et al. [39] also reported an increase in
hardness at the HAZ, although the HAZ and the base material (BM) cannot be clearly distinguished in Fig.
8. Fig. 11(a) also demonstrates that multiple passes cause a further increase in hardness and depth of the
HAZ layer. This indicates thermal cycling influences the hardness and depth of the affected layer. Other
work examining spot welding has shown that the hardness of the HAZ layer is higher than that of the
BM layer due to the thermal stress cycling [40, 41]. As show in Fig. 11(b), the average sub-surface
hardness (~10 um from the top surface) of the samples polished by only one pass is 235 HV, while it is
increased to 259 HV after three passes, which is an increase of 10.2%. The laser velocity also influences
the sub-surface hardness, but to a smaller degree than number of passes. When the laser velocity
decreases from 200 mm/s to 100 mm/s, the average hardness of the sub-surface is increased to 252 HV,

which is only an increase of 3.7% (Fig. 11(c)).
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Fig. 11. (a) Microhardness profile on cross-section with different laser polishing treatments; (b) the average sub-surface
micro-hardness for different number of scanning pass (label ‘One pass’ represents the average value of S1 and S2, label
‘Three passes’ represents the average value of S3 and S4); (c) the average sub-surface micro-hardness of different

scanning velocity (label ‘100 mm/s’ represents the average value of S1 and S3, label ‘200 mm/s’ represents the average
value of S2 and S4).

3.4. Tensile test

3.4.1. Tensile properties

Fig. 12(a) presents representative engineering stress-strain curves of samples at different conditions.
All engineering stress-strain curves of as-built and the S3 samples are also included in Fig. 12(b). The
results of tensile tests are summarized in Fig. 13. Since it is difficult to determine the point of ultimate
tensile strength from the plots, the stress at a specified strain of 20% (o20%) is used to evaluate the effect
of laser polishing on tensile properties. It is observed that the stress at a specified strain of 20% (6202)
after laser polishing is increased. The stress of the as-built sample is 621 = 10 MPa and the maximum
increase in stress is approximately 7.7 % with a final value of 669 + 7.5 MPa (S3) (Fig. 13(a)). As the

number of passes increases from one to three, the average stress increases from 642 + 10 MPa to 666 +



8.5 MPa with an increase of 3.8 % (Fig. 13(b)). However, the average stress (o20%) only increases by
1.0 % when the velocity decreases from 200 mm/s to 100 mm/s (Fig. 13(c)), indicating that the velocity
of laser polishing has a smaller effect on the tensile strength than number of passes. It can be seen from
Fig. 8 that the effect of the number of pass on the increase of the average depth of melt pool is higher
than that caused by the change in the velocity. The mean elongation-at-break (EL) values of the as-built,
S1, S2, S3, and S4 conditions are 58.3 £ 1.6 %, 59.7 £ 0.6 %, 59.1 £ 0.6 %, 63.3 £ 0.3 % and 62.3 +
0.5 %, respectively (Fig. 13(a)). This represents an increase in EL of the S3 condition compared to the
as-built sample of 8.6 %. Therefore, the laser polishing treatment also increases the EL of stainless steel
316L. It can also be found in Fig. 13(b) and (c) that the effect of the number of passes on the EL is
greater than the velocity. There is usually an inverse correlation between strength and ductility. However,
in this study, it is worth noting that all post-processed samples exhibit increased stress and ductility.
Additionally, while only the top surface of the tensile samples was laser-polished, further improvements

in the tensile properties may be observed by polishing the other three sides.
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Fig. 12. (a) Representative engineering stress-strain curves of all samples from DIC data; (b) all engineering stress-strain

curves of as-built and the laser-polished (S3) samples.
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Fig. 13. Stress at a specified strain of 20% (o20¢;) and elongation-at-break (EL) of all samples; (b) the average stress a
specified strain of 20% (20¢;) and elongation-at-break (EL) for different number of pass; (c) the average stress a specified

strain of 20% (o20¢;) and elongation-at-break (EL) of different velocity.

3.4.2. The fracture morphology

The fracture surfaces near the top surface of the as-built and S3 samples were also observed using
SEM to study the fracture behavior of the tensile tests. The white arrows in Fig. 14 refer to the building
direction (BD). Fig. 14(al) shows the fracture surface of the as-built sample. At a higher magnification
(Fig. 14(a2)), it can be seen that a large number of dimples with various sizes are distributed on the
fracture surface, which indicates that ductile fracture is a primary fracture mechanism. The fracture
surface morphology of the laser-polished sample is shown in Fig. 14(b1). Although a large number of
dimples are also observed on the fracture surface after laser polishing (Fig. 14(b2)), the dimples appear
to be larger and deeper than those in the as-built sample, which implies a more ductile fracture [42-44].
Generally, the size of the dimple is positively correlated with the material plasticity [45]. According to
the report of Irizalp et al. [46], large and deep dimples indicate a more ductile rupture mode. Similar

conclusions can be found in many other sources [42, 43, 47]. This also agrees with the tensile test results,



which observed a higher elongation-at-break.

Fig. 14. Typical SEM images of the fracture surface from (al) a failed as-built sample; (b1) a laser-polished sample; (a2)
and (b2) the enlarged view of A2 and B2 in (al) and (bl), respectively.

Generally, the ductility of a metal material decreases as the strength increases [48]. In contrast,
both strength and ductility were seen to increase in this experiment after polishing. Laser polishing of
L-PBF samples may be beneficial in three ways. Firstly, some surface defects in the L-PBF process,
such as incompletely melted particles, balled particle agglomerates, and gaps will be the source of stress
concentrations during tensile testing and influence the fracture behavior of 316L. After laser polishing,
the frequency of those surface defects significantly decreases (Fig. 4), which contribute to the
improvement of tensile strength and ductility. Secondly, a refined structure is formed in the near surface
region of the sample after laser polishing (Fig. 10(d)). Grain refinement is one strengthening method
that can increase the strength while also improving the plasticity of the material to a certain extent. This

has been used to obtain high strength and high ductility materials [46, 49] and may be contributing to



the higher strength and ductility observed in this work. Finally, the amount of high-density dislocation
structures such as dislocation tangles and dislocation walls appear to increase following laser polishing
(Fig. 10). These interactions of entangled dislocation will restrain the movement of dislocations to
contribute to the increased strength. According to the dislocation structure model of LAGBs [50-52],
the contribution of the LAGBs to material strengthening can be related to the contribution of dislocation
density. After laser polishing, the proportion of the LAGBs (2°~5°) increases (Fig. 7(d)), indicating an

introduction of additional dislocations that could increases the dislocation enhancement effect.

4. Conclusions

In this work, the microstructure and mechanical properties of L-PBF 316L samples post-processed
using laser polishing (via remelting) have been studied. The main conclusions are as follows:

(1) A maximum reduction in the surface roughness Sa of up to 86.6% (from 4.84 um to 0.65 pum)
was accomplished by using 100 mm/s laser velocity and three passes with surfaces typically exhibiting
with no signs of powder particles, ripples, and gaps as compared to the as-built samples.

(2) Laser polishing refined the grains of the remelted region of L-PBF 316L and the areal fraction
of grains with sizes smaller than 10 um increased from 16.4 % to 23.2 %. The aspect ratio of the grains
slightly increased from 2.36 to 2.49 after laser polishing. The average grain size of the laser-polished
sample was 17.3 um, which was refined compared with that of the as-built sample. The amount of
LAGBs (2°~5°) increased from 53.4 % to 64.6 %, indicating that the density of dislocations was
increased. Compared with the as-built part, the proportion of cellular sub-structures has increased
significantly after laser polishing. The dislocation wall and dislocation tangles occurred at the sub-
structure boundaries and within some sub-structures, and appeared to be more pronounced following
polishing.

(3) The number of passes and the velocity of laser polishing had a large effect on the micro-
hardness. Three passes of polishing with a velocity of 100 mm/s gave the highest micro-hardness of all
the conditions. In addition, laser polishing created a hardened layer which penetrated approximately

~50-70 pum into the surface of the 316L. Decreasing velocity and increasing the number of pass both



increased the depth of the hardened layer.

(4) Compared to the as-built samples, both the tensile strength and ductility of 316L were increased
after laser polishing. Larger and deeper dimples were observed on the polished fracture surface, which
indicated a more ductile fracture. This enhancement could be attributed to grain refinement, the
elimination of defects, and the dislocation strengthening after laser polishing.

These conclusions demonstrate that laser polishing can reduce the surface roughness of as-built L-
PBF parts while also introducing beneficial changes to tensile properties. The reduced surface roughness
that can be produced by laser polishing is expected to have a greater influence on the wear behavior,
friction, corrosion resistance, and fatigue crack initiation of L-PBF parts. Therefore, ongoing research
is looking into the effect of laser polishing on these surface properties in order to better understand how

laser polishing can be used for post-processing additive manufactured parts.
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