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Abstract: A systematic study on the densification behavior and build quality of 2205 duplex stainless
steel fabricated using laser powder bed fusion (LPBF) was performed by experiment and simulation,
aiming to offer some supplementary work for research on additive manufacturing (AM) of duplex
stainless steel. In this study, samples with differing laser powers were prepared, and a highest
relative density of 98.87% was obtained. Then, the pore defects and surface morphologies were
investigated to unveil densification behaviors during a building process. The relationship between
surface morphologies and the formation of pores was discussed. It reveals that the inter-layer printing
on these surface defects caused by unreasonable laser power could increase the possibility of inside
pore defects and reduce the density of specimens. Particularly, the big spatters could be the cause
of lack-of-fusion defects even under sufficient power input. Therefore, adequate intra- and inter-
layer bonding under reasonable processing parameters is crucial for densification. The mechanical
properties of the specimens prepared with the laser power of 260 W are the highest, and the yield
strength, tensile strength, and elongation are 798.68 MPa, 953.63 MPa, and 10.85%, respectively.

Keywords: laser powder bed fusion; densification behavior; surface quality; build quality; 2205 duplex
stainless steel

1. Introduction

Additive manufacturing (AM) is an advanced manufacturing technology integrat-
ing materials, machinery, computers, and other disciplines [1] for application in fields
such as the medical and aerospace ones [2,3] and exhibits capabilities of fabricating met-
als [4], ceramic [5,6], organic polymers [7] and biological materials [8]; more materials
and applications have been reviewed by Yap et al. [9] and Zhao et al. [10]. Metal additive
manufacturing (MAM) is an important branch of AM, mainly involving directed energy
deposition (DED) [11] and powder bed fusion (PBF) [12,13]. DED differs from PBF in the
way of forming: DED is to supply raw materials simultaneously during the melting process,
however, PBF involves a fusion process after laying the powder bed. Moreover, usually,
PBF has higher printing accuracy than DED [14]. Laser powder bed fusion (LPBF) that
belongs to PBF can build metallic parts with complex structures without relying on a mold.
The part built with suitable process parameters could have excellent precision and be of
high quality [15,16], which can broaden the application field of metal materials [17].

In addition to comparing the microstructure and properties of additive manufacturing
and traditional manufacturing [18,19], the influence of processing parameters on build
quality is also the focus of research [20,21]. The common processing parameters in LPBF
include laser power, scanning speed, hatch space, and so on. How to coordinate building
parameters is vital to obtaining desired parts with high density and high performance.
Nigon et al. [22] printed 2205 steel with a density of 98.6% by matching laser power and
scanning speed; the tensile strength and elongation of the specimen were 872 MPa and 11%,
respectively. Hu et al. [18] used u-LPBF to fabricate 316 L steel that has high elongation
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(over 40%) without sacrificing the high strength (795 MPa). The degree of influence of
different processing parameters on the build quality is not the same. Some researchers de-
signed orthogonal experiments to compare the influence of various processing parameters
on the build quality of LPBF. Huang et al. [23] studied the influence of processing param-
eters on the top surface and vertical surface roughness of the built parts, where the laser
power was revealed to have the greatest influence. In conclusion, reasonable matching of
manufacturing parameters is crucial to obtain high-quality parts, where laser power plays
a significant role. Improper parameters reduce the surface quality and density, resulting in
the deterioration of performance. Hence, some researchers optimized the process using
Artificial Intelligence (Al) technology. Phadke et al. [24] used Artificial Neural Networks to
enhance the dimensional accuracy of the LPBF process, which enables the user to optimize
the print parameter without actually printing. However, the densification behavior during
printing and the correlation between surface quality and internal build quality is not yet
clear, where a comprehensive understanding is required to further improve the process.

Duplex stainless steel is a recent example. Although widely used in industries like
marine and petrochemical because of superior mechanical properties and corrosion resis-
tance [25], the application of duplex stainless steel was severely restricted for intricate parts
due to the different softening mechanisms and poor coordination of ferrite and austen-
ite under conventional processing technologies [26]. The LPBF technology has opened
new avenues for fabricating complex components of duplex stainless steel. Cui et al. [27]
mixed austenite stainless steel powder and super duplex stainless steel powder to achieve
balanced duplex microstructures. However, existing research on LPBF manufacturing of
duplex stainless steel mainly focuses on the effect of post-heat treatment on microstructure
and properties [28-30], and a comprehensive description of the influence of process pa-
rameters on microstructure and properties of as-built duplex stainless steel is still lacking.
Therefore, this paper aims to offer some supplementary work for research on additive
manufacturing of duplex stainless steel.

In this paper, the densification behavior and build quality of LPBF-fabricated du-
plex stainless steel were studied systematically. Various build qualities were obtained by
changing the most crucial parameter of laser power. Then, the relative density and pore
defects, surface morphology and quality, microstructure and mechanical properties of spec-
imens were analyzed to clarify the densification behaviors and build quality. In particular,
the internal relationship between surface quality and the inside build quality during a
printing process, and the different mechanisms of lack-of-fusion defect are discussed. In
addition, the effect of the big spatter defect on densification behavior was analyzed by
simulation. This could provide an important reference for the fabrication of high-quality
duplex stainless steel via LPBF.

2. Materials and Methods
2.1. Powder Characterization and Printing Preparation

First, 2205 duplex stainless steel powders were fabricated by the gas atomization
method. The chemical composition (wt.%) of 2205 power is determined as Cr (22.13),
Ni (5.52), Mo (3.25), Si (0.11), N (0.18), C (0.017), P (0.007), S (0.0045), and a balance of Fe,
which conforms to the composition standard of 2205 duplex stainless steel. Figure 1a shows
the morphology of powder; the shape of almost all powder particles is near-spherical, and
just a small portion of particles have an irregular shape. The sphericity of particles is 93.08%.
The powder size distribution measured by the BT-9300S Laser Particle Size Analyzer is
illustrated in Figure 1b; the red bars represent the volume fraction of different size powders,
and the cumulative volume fraction is shown by the purple curve. The main particle size
ranges from 15-53 um and exhibits a mean particle size D50 of 28.65 um, which is satisfied
for LPBF forming.

In this research, the device used to manufacture specimens is the Metal M2. The LPBF
manufacturing parameters were set as depicted in Table 1: scan speed of 800 mm/s, hatch
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space of 70 um, layer thickness of 30 pm, and laser power in the range of 140-320 W. The
volumetric energy of printing parameters can be calculated by the following equation:

P

Ey=— 1
VT VXxHXT M

where P, V, H, T represent laser power, scan speed, hatch space, and layer thickness,
respectively. Volumetric energies can directly reflect the laser energy input. The volumetric
energy is changed by changing the power in this experiment.

The scanning strategy is intra-layer S-type scanning and the inter-layer rotation is
67°, as shown in Figure 1c. To prevent the oxidation of molten metal, high-purity argon
was filled into the forming cavity before printing, and the oxygen content in the building
process was kept at less than 300 ppm until printing was done. Specimens with the
dimension of § mm X 8§ mm x 10 mm were manufactured to analyze the pore defects and
microstructure. Moreover, dumbbell-shaped tensile samples were built to investigate the
mechanical properties. The specific size of the tensile sample is given in Figure 1d. The
samples were catted at the bottom by a wire cut electric discharge machine after the LPBF
printing; the cutting direction was perpendicular to the building direction.
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Figure 1. (a) Powder morphology captured by SEM; (b) size distribution of powder; and the schematic
maps of (c) scanning strategy and (d) tensile sample.

Table 1. The LPBF process parameter for fabricating 2205 duplex stainless steel.

Laser Power Scan Speed  Hatch Space Layer Thickness Volumetric Energies
(W) (mm-s—1) (um) (um) (J-mm~—3)
140 800 70 30 83.33
200 800 70 30 119.05
260 800 70 30 154.76
320 800 70 30 190.48

2.2. Microstructure Characterization and Property Test

The density of the specimen was measured based on the Archimedes principle. Each
specimen was measured three times by Sartorius BSA 224S, then the measurement result
was used to calculate the relative density (the theoretical density of 2205 duplex stainless
steel is 7.8 g-cm~3). The surface of the cross section was pre-ground and polished to a
mirror state. After being etched in 9 mL HSO4 + 40 mL H,O + 0.5 g KMnO, corrosion
solution for 6-8 h, the morphology and pore distribution of the surface were observed
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under MV5000 optical microscope (OM). The top surface morphology and tensile fracture
morphology of specimens were observed by Nova 230 field emission scanning electron
microscopy (SEM). The surface roughness was tested by Surface Roughness Tester TR200.
Electron backscattering diffraction (EBSD) was used to obtain phase and grain information
(analyzed by OIM), and the observation plane was perpendicular to the building direction.
Before EBSD analyses, the surface to be tested was immersed in 8% nitrate-alcohol solution
for electrochemical polishing 90 s, and the electrolytic voltage was maintained at about
20 V while polishing. The AG-X plus electronic universal testing machine was used to
test the tensile properties of the specimens. Three parallel samples were selected for each
group of building parameters, and their arithmetic mean values were calculated. During

the tensile test, the loading speed was set at 2 mm-min .

2.3. Model Description

To study how surface quality affects the LPBF build quality, a 3-D numerical model
was built. The simulation was carried out by ANSYS Fluent 18.0, a computational fluid
dynamics (CFD) software. It is known that the LPBF process is accompanied by complex
physical phenomena, involving heat absorption of laser beam, heat transfer, melting,
evaporation and cooling of metals, Marangoni flow, etc. The transformation of mass,
momentum, and energy during the LPBF process follows conservation equations, which
are expressed as follows [31-33]:

Mass conservation equation

9p

§+V~(p;) =0 @)

Momentum conservation equation

a —
(gt”) V(i @) = —Vp+ V- (4Vu) + Spy @3)
Energy conservation equation
d(pH
%+V-(pﬁH) =V-(kVT)+ Qn 4)

where p, u, H, and k represent density, dynamic viscosity, specific enthalpy, and thermal
conductivity of material; 1 is the flow velocity; p is the pressure; T is the temperature; Sy is
the momentum source term induced by surface tension, frictional dissipation in the mushy
zone, and recoil force; and Qp is the energy source term that involves the energy input by
laser and the heat loss due to the evaporation of metal.
The heat source used in this calculation following a Gaussian distribution is described
by Equation (5):
21 P —2[(?6 —x0)* + (y — yo)z}
Qlaser = Wexp 2 ®)

where 7 is the laser absorption coefficient of material; P is laser power; r is laser spot radius;
and xp and yo indicate the laser spot center position, which changes with time. The main
thermophysical properties of 2205 duplex stainless steel applied in calculation are given
in Table 2, which are referenced from literature [34-36]. The thermal conductivity and
specific heat are also provided in Figure 2, both of which are increased by temperature.
The particle size ranges from 10 um to 50 um, and particles are randomly distributed on a
substrate whose properties are set up to resemble the powder. There is no preheat process
before printing so the initial temperature of substrate and powder bed is set as 300 K. In
this model, mixed energy dissipation in the form of radiation and convection on boundary
is considered.
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Table 2. Thermophysical properties of 2205 duplex stainless steel applied in simulation.

Property Value
Solidus temperature (K) 1658
Liquidus temperature (K) 1773
Solidus density (kg‘m_3) 7860
Liquidus density (kg-m~3) 7200
Latent heat of fusion (]~kg_1) 5 x 10°
Viscosity of liquid (l(g-rrf1 571 0.0085
Surface tension (kg-s~2) 1.6
Temperature coefficient of surface tension (kg-s_z'K_l) —9.25 x 1074
2100 1500
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Figure 2. Thermal conductivity and specific heat of 2205 duplex stainless steel used in model.

3. Results and Discussion
3.1. Relative Density

Figure 3 depicts the relationship between laser power and relative density. When
laser power is 140 W, the relative density is 97.69%, which gradually increases along with
the raise of laser power. The relative density of the specimen fabricated by 260 W is
98.78%, which is the maximum value in the present investigation. However, as laser power
increased further, the density began to decrease. Relative density decreased to 97.98% when
the laser power was raised to 320 W. In a word, the density of the specimen increased
first and then decreased with the increase in laser power. It could be considered that the
variation of sample density induced by the laser power increase is mainly related to pores.
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Figure 3. Relationship between laser power and relative density.

To reveal why the density varies with laser power, the samples of 140 W, 200 W, 260 W,
and 320 W were picked out from Figure 3 to observe the pore defects; the corresponding
relative density was 97.69%, 98.43%, 98.78%, and 97.98%, respectively. Figure 4 gives the pore
distribution on the surface of the cross-section. Figure 4a shows that when the laser power
is 140 W, the surface has some large size pores and there are unfused powders mixed in the
pores. With the increase in laser power, the number and the size of pores decrease gradually.
When the laser power is increased to 260 W, the melted tracks arrange neatly and dense
metallurgical bonding is formed; only a few small-sized pores exist in local areas, as shown
in Figure 4c. However, the large-sized pore appears again when the laser power is raised to
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320 W. In conclusion, the number and the size of pores increase first, and then decrease with
the increase in laser power, which is consistent with the variation trend of specimen density.
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Figure 4. Pores distribution in cross-section: (a) 140 W, (b) 200 W, (c) 260 W, and (d) 320 W.

3.2. Surface Morphology

It is generally believed that while the printing process is stable, the surface morphology
of each layer exhibits similar characteristics, although the local specific morphologies may
differ due to the stochastic nature of powder size and distribution. This enables us to
estimate the inside building process via the top surface morphology. Therefore, the top
surface morphology of samples was observed to unveil the formation mechanisms of
pore defects. Figure 5 is the surface morphology of specimens captured by SEM, and
the measurement result of surface roughness is shown in Figure 6. Figure 5a shows that
when the laser power was 140 W, there were some balling particles and depressions on
the surface. This is due to the energy input being insufficient, meaning that the powder
could not be fully melted; the temperature of the molten pool is lower, and the surface
tension of the molten pool was too high. Under the action of high surface tension, the
spreading of the molten pool became difficult, and agglomeration was facilitated. This
would also cause necking or fracture in the local area of the melt tracks, even while large
balling particles form. The presence of these defects increases the surface roughness; the
surface roughness was 7.535 um. Figure 5b shows that as laser power is increased, the
number of depressions is going to decrease, and the roughness decreases to 7.208 pm.
When laser power is raised to 260 W, a smooth surface is obtained, in which the melted
tracks are continuous and arrange neatly, and obvious defects are not observed, as shown
in Figure 5c. The surface roughness of 260 W was 7.143 um. At that point, the energy input
was reasonable, the powder was fully melted, and the molten pool spread smoothly to
form a good bond, which was conducive to the formation of a flat surface. However, at an
even higher laser power of 320 W, some larger-sized splash particles adhere to the surface,
reducing the surface quality and increasing the surface roughness. This large size spatter is
identified as powder agglomeration spatter in paper [37], the size of which is larger than
other types of powder. This is owing to the laser power being too high, which leads to
the temperature of the molten pool going beyond the evaporating temperature. In this
case, although the powder particle could be fully melted, the molten liquid is prone to
evaporation. The molten pool would be hit downward by the evaporation recoil pressure
and oscillate violently, causing part of the melt to push out by vapor jet from the molten
pool and form liquid spatters. These liquid spatters capture feedstock powders along the
travel path on the powder bed or collide with other spatters and coalesce into a larger
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spatter. Eventually, these spatters are balled under the action of surface tension, adhere to
the surface, and deteriorate surface quality.

Figure 5. Top surface morphology of samples: (a) 140 W, (b) 200 W, (c) 260 W, and (d) 320 W.
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Figure 6. Top surface roughness of samples.

Therefore, proper laser power can effectively suppress the generation of surface defects
and improve the surface quality of part, whereas unreasonable laser power leads to defects:
depression and balling induced by inadequate laser power, and large size spatter induced
by excessive laser power. These surface flaws will deteriorate the surface quality of a part
and possibly accelerate the formation of defects during subsequent printing processes.

Combined with the variation of density and pore defects, it can be found that speci-
mens with poor surface quality have more pore defects and lower density. On the other
hand, specimens with high surface quality have fewer pore defects and higher density.
To reveal the internal relationship between surface quality and pore defects, a schematic
diagram of defect generation was drawn based on Figures 4 and 5, as shown in Figure 7.
Figure 7a—c illustrate two generation mechanisms of lack-of-fusion defect in specimens
with lower power (140 W and 200 W). In Figure 5a,b, depressions and balling defects
on the surface as a result of insufficient energy input for low laser power can be clearly
observed. When the feedstock powders spread on the prior layer, some of the powder
particles slipped into the depressions and the bottom of the balling defects, as shown in
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Figure 7a,b, which caused local powder thickness beyond the depth that the laser energy
can melt. When these regions were scanned by the laser, the temperature of the powders in
the deeper layer could not be raised to the melting point and formed pore defects at these
regions. When laser power is appropriate (260 W), the surface of the specimen is flat, and
no depression and balling defect exist. At this time, the metallurgical bonding between
layers is tight, the defects are fewer, and the density is higher. However, a laser power that
is too high lead to spatter and ultimately reduces the surface quality. Figure 7c shows that
when the feedstock powders spread on the prior layer, the large spatter particle lifts the
scraper upward, increasing the local powder thickness and leading to the formation of a
bulge. During laser scanning, due to the limit of the depth of laser energy transport, the
powder under the thicker area could not be completely melted, promoting the formation of
unfused defects. In summary, suitable laser power can effectively improve surface quality,
reducing internal defects and printing high-density specimens.

(a) Optimum _ Depression
height

Base plate Necking region

(b) Optimum_
height

Base plate

(©)

Base plate

Figure 7. Influence of defects on powder spreading: (a) depression; (b) large size balling particle; and
(c) large size spatter.

As shown in Figure 8, a simplified model was built to discuss how the large size
spatter promotes the formation of pores. Considering that the size of the spatter particle,
which is over 90 um, is larger than the size of the laser spot, just scanning once is not
enough. To avoid this situation, the laser beam scans from the outside of the powder until
the spatter is completely scanned, just as Figure 6 shows. Laser power, scanning speed,
and hatch space were set as 320 W, 800 mm /s, and 70 pm, respectively. The large spatter
particle size was 150 pm, which is close to the size of the biggest spatter in Figure 5d.

Laser

Figure 8. Schematic map of the model.

The result of the simulation is illustrated in Figure 9a. It was found that the spatter
was not melted completely, and a cavity existed at the bottom of the spatter. This cavity
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is likely to be left in the sample in the form of pores in the subsequent printing process,
preventing the acquisition of a dense material. Three cross-sections in different tracks along
the scanning direction were cut to observe the melting process of the powder bed and the
spatter, and the forming process of pore defects, as shown in Figure 9b. Those sections
at different times are shown in Figure 10. In the first melt track, the melt pool did not
flow forward with the laser beam and moved on after the laser beam touched the spatter
particle. As the laser left the spatter, just a small part of spatter particle scanned by the laser
melted, and the regions obscured by the spatter could not be heated and melted via the
heat transfer from the melted area. Those regions could also not be filled by the melt pool
due to the agglomeration effect of adjacent powders [38] and transformed into a cavity
as it cooled down fully, as shown in Figure 10a. In the second melt track, the melt pool
stopped flowing forward when the laser touched the spatter particle due to the blocking
effect of large particles. Then, the spatter began to melt and flew down to combine with
the melt pool. As the laser was fully illuminated on the spatter, quite a part of the spatter
was melted and flew outward from the center of the area heated by the laser and combined
with the melt pool at this point. However, the region under the particle also could not be
melted or filled, as in the first track, and formed a pore defect, as shown in Figure 10b. As
seen in Figure 10c, the situation in the third track was different from the previous tracks.
Given the heat accumulation caused by the previous tracks, the area scanned by the laser
could be melted fully and filled a part of the cavity from the previous tracks. After letting it
completely cool, no cavities or pores could be found in the section.

Figure 9. (a) Simulation result and (b) the positions of three cross-sections in different tracks along
the scanning direction. From top to bottom are the first, second, and third track.

Time Temperature (K)

I a
(a) spatter 300 1773

®) spatter

(©

spatter

Figure 10. Cross-sections in different tracks indicating the formation induced by large spatter: (a) first
track, (b) second track, and (c) third track.
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3.3. Microstructure

Figure 11 shows the phase image of samples fabricated with different laser powers, and
the Inverse Pole Figure (IPF) in the build direction of the specimen is displayed in Figure 12.
In Figure 11, the regions covered by green present ferrite, and the remaining regions
covered by red are austenite. Three different regions were randomly selected from the scan
surface of each sample to count the phase fraction, and the count results are provided in
Figure 13a. It was found that the microstructure of as-built duplex stainless steel fabricated
via LPBF is mainly austenite, and only a few ferrites exist. In other papers [30,39-41], LPBF
was also used to fabricate duplex stainless steel, and an as-built microstructure with nearly
100% ferrite content was also obtained. This is mainly due to the cooling rate of the metal
being as high as 10*~10° K-s~! during the LPBF process, which inhibited the transition
from high temperature ferrite to austenite [30,40].

The average grain size of the as-built specimens was calculated according to IPF; the
results are shown in Figure 13b. Figure 12a shows that when the laser power was 140 W, the
microstructure was mainly composed of fine equiaxed crystals with a few coarsen equiaxed
crystals in local areas, and the average grain size was about 1.73 pm. As laser power was
raised, the number of fine equiaxed crystals gradually decreased, whereas the number
of coarsen equiaxed crystals gradually increased, resulting in grain coarsening on the
whole. The average grain size of the specimens prepared with a laser power of 200 W and
260 W was about 1.85 pm and 2.16 pum, respectively, as shown in Figure 12b,c. When the
laser power was increased to 320 W, the grains were coarsened further, and the coarsened
equiaxed grains existed in the specimen microstructure. The fine equiaxed grains and
coarse equiaxed grains were alternately distributed, and the average grain size increased to
3.15 um. It could be concluded that the grain size increased gradually with the increase
in laser power, which is mainly due to the following two reasons. First, with the increase
in laser power, the molten pool temperature increases, the cooling velocity decreases, the
metal crystallization undercooling degree decreases, and the critical nucleation radius
increases, which significantly reduces the nucleation rate. Secondly, the decrease in cooling
velocity extends the time spent by molten metal in the high temperature zone, which is
conducive to the growth of grain. Therefore, the increase in laser power leads to an increase
in grain size, which is consistent with the conclusion of the paper [42].

(a) (b) - Austenite
[ Ferrite

50 ym 50 pm

Figure 11. Phase image of specimens: (a) 140 W, (b) 200 W, (c) 260 W, and (d) 320 W.
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Figure 12. Inverse Pole Figure of specimens: (a) 140 W, (b) 200 W, (c) 260 W, and (d) 320 W.

(a)s (b) &
6 c
£ 4.7 34'
24 S
2 =
(= ©
1] Tl
2ol ©
<

0 0

140 200 260 320 140 200 260 320
Power /W Power /W

Figure 13. (a) Austenite fraction and the (b) grain size of the specimens with different power.

3.4. Mechanical Properties

The stress—strain curves and statistics of the mechanical properties of specimens
fabricated by different laser powers are given in Figure 14. The yield strength (0.2 YS),
tensile strength (UTS), and elongation (EL) of the specimen were 324.73 MPa, 530.24 MPa,
and 5.09%, respectively, when the laser power was 140 W, and gradually increased along
with the increase in laser power. The yield strength and tensile strength of the specimen
fabricated by 260 W reached the peak values of 798.68 MPa and 953.63 MPa, respectively,
and the elongation also increased to 10.85%. However, when the laser power was raised
further, the yield strength and tensile strength of the specimen began to decrease, whereas
the elongation increased slightly to 11.69% when the laser power was 320 W. It could be
concluded that the yield strength and tensile strength first increase and then decrease with
the increase in laser power, whereas the elongation increased continuously. It is explained
in Section 3.3 that the microstructures of the as-built specimens are almost ferrite and the
grain size increases with the raise in laser power. According to the Hall-Petch theory [43,44],
the strength of the specimens should decrease with an increase in laser power as a result of
grain size increases, which is opposed to the tensile test results. This paper considered that
the strength varies with the increase in power mainly due to the existence of internal pore
defects. When the laser power is too low, there are many unfused pores in the specimen,
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resulting in low density and poor mechanical properties. With the increase in laser power,
the number of pores decrease and the density increases gradually, and the mechanical
properties improve. When the laser power is too high, the number of pores increases
and the mechanical properties decrease. It is worth noting that, although the number of
pores of the specimen is more than that of the specimen at 260 W when the laser power
is 320 W, the elongation of the specimen is slightly increased, which might be related
to the significant increase in metallurgical bonding strength. In conclusion, pore defects
have a great influence on mechanical properties, and the generation of pore defects can be
inhibited by adjusting the laser power to improve the mechanical properties of materials.
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Figure 14. (a) Stress—strain curve of specimens and (b) statistics of mechanical properties.

In order to explore the fracture mechanism of the specimen, SEM was used to ob-
serve the tensile fracture morphology of the specimen; the results are shown in Figure 15.
Figure 15a shows that a large area of river pattern and dimples existed in the tensile fracture
surface of the specimen formed by 140 W laser, indicating that the fracture mechanism was
a ductile-brittle fracture. At the same time, it can be observed that there were holes in the
section, which are the potential sources of the crack. Under the action of stress, these holes
can easily develop into cracks and spread rapidly, undermining the microstructure and
accelerating the fracture of the material, which is the main reason for the low elongation of
the specimen. With the increase in laser power, the river pattern area decreased gradually
and the number of dimples increased. When the laser power was 260 W, the fracture section
was mainly composed of dimples, and no obvious cleavage was found, indicating that
the fracture mechanism was a ductile fracture with good plasticity. Figure 15d shows that
when the laser power reached 320 W, the fracture morphology of the specimen was a little
different from that at 260 W. It was composed of a large number of small dimples that were
also ductile fractures.

Cleavage / 3
4T Dimples

Figure 15. Fracture morphology of specimens: (a) 140 W, (b) 200 W, (c) 260 W, and (d) 320 W.
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4. Conclusions

This paper studied the densification behavior and build quality of LPBF-fabricated
duplex stainless steel, where the relative density and pore defects, surface morphology and
quality, microstructure, and mechanical properties were systematically analyzed, and the
mechanisms of lack-of-fusion were discussed. The major conclusions drawn are as follows:

1.  The laser power has a significant influence on surface quality and density of the
LPBF-fabricated part of duplex stainless steel. Proper laser power can promote the
formation of a good metallurgical combination, improve surface quality, and inhibit
the generation of pore defects. Inappropriate laser power will lead to depression
defects balling and splashing particles on the surface of the sample, reducing surface
quality, increasing the possibility of lack-of-fusion defects, and reducing the density
of the sample. In this paper, when the laser power was 260 W, the surface quality of
the sample was optimal, resulting in the highest density of 98.78%.

2. There is an internal relationship between surface quality and internal build quality.
Excellent surface quality corresponds to a well-built internal structure by ensuring
the quality of the powder layer, which is conducive to suppressing the generation of
pore defects and improving the density of the sample. However, on the poor surface
morphologies with defects such as large-size depression, balling, and spatters, the
local powder layer thickness is increased after powder spreading, resulting in pore
defects once it exceeds the laser energy penetration depth.

3. The mechanical properties of the LPBF part are greatly affected by laser power. With
the increase in laser power, the tensile strength and yield strength of the sample
increase first and then decrease, whereas the elongation of the sample increases con-
tinuously. The pore defect is considered to be the key factor affecting the mechanical
properties of the sample. In this paper, the sample that was printed at 320 W had the
best comprehensive mechanical properties; the yield strength, tensile strength, and
elongation of the sample were 798.68 MPa, 953.63 Mpa, and 10.85%, respectively.
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