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Abstract: Mechanical properties and microstructure are investigated for a martensitic stainless
steel (AISI 420) fabricated by selective laser melting (SLM) in three build directions. The tensile
specimens built by SLM are classified into three groups. Group A is horizontally built in the
thickness direction, Group B is horizontally built in the width direction, and Group C is vertically
built in the length direction. The loading direction in tensile test is parallel to the build direction
of Group C, but perpendicular to that of Groups A and B. Experimental results indicate build
direction has significant effects on the residual stress, hardness, and tensile properties of SLM builds.
Microstructural analyses indicate the as-fabricated SLM AISI 420 builds exhibit elongated cells
and acicular structures which are composed of martensite and retained austenite phases growing
along the build direction. Such anisotropy in the microstructure leads to anisotropic mechanical
properties as Group C specimens (length direction) exhibit greater yield stress, ultimate tensile
stress, and elongation than the specimens of Groups A (thickness direction) and B (width direction).
The residual compressive stress in the gauge section also contributes to the superior tensile properties
of Group C (length direction), as compared to Groups A (thickness direction) and B (width direction),
which exhibit residual tensile stress in the gauge section.

Keywords: selective laser melting; martensitic stainless steel; build direction; mechanical properties;
anisotropy; residual stress

1. Introduction

Additive manufacturing (AM) has recently been applied for direct fabrication of near net shape
components. It is different from the conventional manufacturing processes which cut or remove
material to make the final shape, while it adds material during the fabrication process [1]. Metallic AM
techniques can reduce the consumption of material and have flexibility on fabricating components
with three-dimensional (3D) complex structures that could not be done by conventional manufacturing
processes [2]. Several AM techniques have been developed for building metallic parts, including
selective laser melting (SLM), electron beam melting (EBM), laser engineered net shaping (LENS),
and binder jetting (BJG) [3]. A high power energy beam is employed to locally melt the feedstock of
powder or wire material and join materials layer by layer in the metallic AM techniques [1]. Among the
well-known metallic AM techniques, SLM is a type of powder bed fusion process in which a laser beam
is used to selectively fuse a metallic powder bed in a layer-by-layer manner [3]. Due to a repeated
process of melting and solidification, epitaxial grain growth tends to develop along the building
direction in the metallic AM parts [1]. As a result, metallic AM builds tend to have anisotropic and
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heterogeneous microstructures and textures due to process-induced rapid directional solidification,
leading to anisotropic and heterogeneous mechanical properties [4].

Effects of build direction on the microstructure and mechanical properties have been studied for
several metallic alloys produced through SLM processes, such as Ni-based superalloys [5-8], titanium
alloys [5,9-14], aluminum alloys [5,15,16], and steels [5,17-21]. Chen et al. [5] reveal that metallic
AM parts of various materials exhibit layer-wise morphologies in the cross sections along the build
direction, leading to an anisotropic microstructure. Deng et al. [6] investigated the build direction
effect on the mechanical properties of an Inconel 718 superalloy fabricated by SLM and found that the
horizontally built parts show higher tensile strength but lower ductility than the vertically built ones.
The anisotropy in tensile behavior is mainly attributed to the different amounts of residual stress and
dislocations accumulated in the built parts [6]. In another study on SLM built Inconel 718 superalloy
by Du et al. [7], the yield strength and ultimate tensile strength increase with an increase in the incline
angle of build direction from 0° to 45°. The dependence of microstructure and tensile behavior on build
direction is related to the temperature gradient during deposition and the resulting anisotropy in the
crystal orientation [7]. Tensile properties of a TC21 titanium alloy built by SLM in two directions show
significant anisotropy, as reported in the study of Zhang et al. [9]. The horizontally built specimens
demonstrate better tensile strength but inferior elongation, compared to the vertically built ones [9].
The anisotropic tensile properties of SLM TC21 are attributed to a microstructural variation of «
phase features in different build directions [9]. The effects of build direction on tensile and fatigue
performance of a Ti6Al4V titanium alloy built by SLM in three orientations (0°, 45°, and 90°) were
studied by Sun et al. [14]. Build direction is found to have a significant effect on fatigue performance
but a slight influence on tensile strength and ductility of the SLM built Ti6Al4V alloy [14]. The 45°
built samples exhibit better tensile and fatigue properties than the 0° and 90° built samples due to a
smaller number of process defects in the builds [14]. An SLM built A357 aluminum alloy exhibits a
greater yield strength and elongation in the horizontal build direction than that in the vertical build
direction as a result of the formation of a crystallographic texture [16].

For a 316L stainless steel produced through SLM, horizontally built specimens exhibit the highest
fatigue resistance followed by vertically built ones, while diagonally built specimens possess the
lowest fatigue strength, as presented by Shrestha et al. [18]. Such anisotropy in the fatigue behavior of
SLM 316L stainless steel is induced by the variation in layer orientation and directionality of process
defects with respect to the loading direction [18]. As found in another study on SLM 316L stainless
steel by Liverani et al. [19], tensile strength and fatigue resistance is decreased with a change of build
direction from 45° to 90°, while elongation is increased. No build direction effect on density is observed
in the study of Liverani et al. [19]. For an SLM fabricated 300 maraging steel (18Ni), considerable
anisotropy of tensile behavior is found in the as-built conditions in which horizontally built specimens
possess the highest tensile strength and ductility [20]. On the other hand, the vertically built specimens
have the lowest tensile strength, while the diagonally built ones have the poorest elongation [20].
However, in the study of Tan et al. [21] on another 300 maraging steel built by SLM in two directions,
anisotropy of hardness and tensile properties is barely observed and a slight build direction effect is
only found on the impact fracture behavior. Apparently, the build direction effect on the mechanical
properties of metallic AM parts differs from one material to another. This is attributed to the variations
in microstructure, type and directionality of process defect, and loading direction [4].

AISI 420 is a martensitic stainless steel which has excellent mechanical properties and moderate
corrosion resistance. It is used in a wide range of applications from low to high temperatures, including
injection molds, pressure vessels, steam generators, surgical instruments, blades, and others [22].
Recently, a conformal cooling channel has been employed in the plastic injection mold because it
can provide a more uniform temperature distribution, shorter cycle time, and better product quality.
However, a conformal cooling channel cannot be manufactured by conventional machining techniques
due to a complicated design of channel geometry inside the mold. The AM process is then introduced
to fabricate such a mold for which AISI 420 is favorably considered as the mold material due to the low
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cost and high absorption of laser radiation [23]. However, only limited work in the literature has been
focused on the characteristics of AISI 420 fabricated by AM processes. An SLM process window of
laser power and scanning speed is established for AISI 420 powder to reach a relative density over 99%
by Zhao et al. [23]. The AISI 420 parts built by such an SLM process have a high hardness of 50.7 HRC,
which is applicable to the plastic injection mold [23]. Saeidi et al. [24] demonstrate that a heat treatment
conducted at 400 °C on the as-built SLM AISI 420 can improve the tensile yield strength and ductility,
making it an ultra-high strength stainless steel with high ductility. As described above, the previous
findings indicate the importance of build direction on microstructure and performance of metallic SLM
builds. However, the effect of build direction on the microstructure and mechanical properties of AISI
420 fabricated via SLM has not yet been systematically studied. As the material’s multiaxial mechanical
properties are needed for design of mechanical components fabricated by the SLM technique, the aim
of this study is to investigate the relationship between build direction and mechanical properties of
SLM built AISI 420 parts. The specimens investigated in this study are fabricated by an SLM process in
three build directions. A mechanical test is performed to obtain tensile properties. Microstructure,
density, hardness, and residual stress are also analyzed for the built parts. It is hoped that the results in
this study can provide useful information on improving the quality of SLM built AISI 420 parts for
employment in the plastic injection mold [23] and other applications.

2. Experimental Procedures

2.1. Specimen Fabrication

Commercial AISI 420 stainless steel powder (Sandvik Osprey Ltd., Neath, UK) is used to fabricate
the tensile test specimens. According to the data sheet provided by the vendor, the powder size is
in the range of 10-53 um and the major elements in chemical composition include 12.0-14.0 wt%
Cr, 0.3-0.4 wt% C, < 1.0 wt% Si, < 1.0 wt% Mn, < 0.6 wt% Ni, and balance of Fe. Specimens are
fabricated by a commercial powder-bed SLM machine (OPM250L, Sodick Corporation, Ltd., Kanagawa,
Japan). The SLM machine is equipped with an ytterbium-doped fiber laser, a nitrogen gas generator,
a powder supply mechanism, and a working table. The given SLM process parameters and scanning
strategy are listed in Table 1. An AISI 420 stainless steel baseplate is used and preheated to 180 °C.
Laser power is set as 420 W for the first three layers to ensure a robust bonding between the built
part and baseplate. After that, laser power is reduced to 400 W until the final top layer is finished.
Figure 1 shows the geometry and dimensions of the tensile test specimen. The tensile specimens are
classified as Groups A—C based on the build direction. As shown in Figure 2, specimens in Groups
A-C are built along the thickness direction (f), width direction (w), and length direction (I), respectively.
In other words, Group C is vertically built, and Groups A and B are horizontally built in the short
transverse and wide transverse directions, respectively. Three specimens are fabricated for each group.
After the SLM process, the built specimens are cut out of the baseplate by wire electrical discharge
machining. To investigate the inherent effects of build direction on the microstructure, residual
stress state, and mechanical properties, the specimens are kept in the as-built condition. Therefore,
heat treatment is not applied to the specimens.

Table 1. Selective laser melting (SLM) process parameters given in fabricating tensile test specimens.

Laser Power 420 W (First Three Layers); 400 W
Laser scanning speed 0.7 m/s

Laser spot size 0.2 mm

Layer thickness 50 um

Baseplate preheated temperature 180 °C

Build direction 3 types (Figure 2)

Scanning strategy Island pattern with alternating path

Hatch distance 0.2 mm
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Figure 1. Geometry and dimensions of tensile specimen.

+<— Group C

uonoaIIp pling

Group B

Figure 2. Schematic of build direction for each group of specimen.

2.2. Measurement of Density, Hardness, and Residual Stress

Densification of the SLM specimens is measured by Archimedes’ principle. The accuracy of
the electronic balance for measuring the mass of density sample is 0.01 g. The relative density of
the SLM specimen is defined as pr = psample/Preference: Psample 18 the density of the specimen and
Preference = 7800 kg/m? is the reference density of AISI 420 steel [25]. A hardness tester (AR-10, Akashi
Corporation, Japan) is used to measure the hardness in Rockwell C scale (HRC) by applying a load of
150 N. The accuracy of the hardness tester is 0.1 HRC. Each sample is indented at ten different places
in the grip section. The residual stresses at selected positions are measured using a portable X-ray
residual stress analyzer equipped with CrK, radiation (n-X360s, Pulstec Industrial Corporation, Ltd.,
Shizuoka, Japan). An X-ray beam of 2-mm diameter is employed to determine the residual stress,
using a cos « method and two-dimensional detectors (imaging plates). Note that the error range of
each measurement is about + 25 MPa. Details of such residual stress measurement method are given
in Reference [26]. Four positions on the centerline in the gauge section (Figure 3) are selected for
residual stress measurement in each SLM tensile specimen before tensile test. As shown in Figure 3,
both the normal stress components 0; and oy, in the length (/) and width (w) directions, respectively,
are measured at each selected position.
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Figure 3. Positions selected for residual stress measurement.

2.3. Uniaxial Tensile Test

To determine the tensile properties, such as yield stress, ultimate tensile stress, and elongation,
uniaxial tensile test is conducted using a commercial servo-hydraulic material test machine (MTS 810,
MTS System Corporation, Eden Prairie, MN, USA). The accuracy of the load cell for measuring the
applied load is 1 N. A uniaxial extensometer (MTS 634.12F-24, MTS System Corporation, Eden Prairie,
MN, USA) is attached on the gauge section to measure the strain during testing. The mechanical
test is performed under displacement control with an initial stroke rate of 0.5 mm/min followed by
2 mm/min when the strain reaches 1%. An engineering stress—strain curve is then obtained for each
specimen tested.

2.4. Fractography and Microstructural Analysis

After tensile testing, fracture surface is observed using a scanning electron microscope (SEM, S-800,
Hitachi Ltd., Tokyo, Japan) to find the fracture origin and fracture pattern. Anattached energy dispersive
spectrometer (EDS) is used to determine the elemental composition at specific regions. Optical
microscopy (OM, BX51M, Olympus Corporation, Tokyo, Japan) and SEM in backscattered electron
(BSE) mode are employed to investigate the microstructure. To explore the grain growth direction,
some cross sections and surface areas are selected for microstructural observation. These metallographic
samples are ground using sandpapers up to #2000 and polished using 1-um and 0.3-pum Al,O; paste.
After polishing, the samples are chemically etched for 20-30 s in an acidic solution of 2% HF and 8%
HNOs. For better imaging results, the SEM specimens are sputter coated with a thin conductive Pt
film. In addition, X-ray diffraction analysis (XRD) is applied to determine the crystalline phases in
the given SLM specimens. The XRD samples are taken out of the gauge section. The X-ray energy
applied is 15 KeV with a wavelength of 0.82656 A. The beam size is 500 um and the diffraction signals
during measurement are recorded using an image plate detector (mar345s, marXperts Corporation,
Norderstedt, Germany). The X-ray diffraction data are refined using the General Structure Analysis
System (Los Alamos National Laboratory, CA, USA) to obtain the 6-26 X-ray diffraction profiles.

3. Results and Discussion

3.1. Density and Hardness

The relative density measured for each sample is listed in Table 2 and it ranges from 90% to 98%.
Note that in Tables 2 and 3 (Section 3.3), Al, A2, and others individually represent each specimen ID
number. In general, Group A has the highest average relative density (96%), followed by Group B (93%)
and then Group C (92%). Note that Group A has the smallest height of the SLM build while Group C
has the largest one. Therefore, the given SLM process parameters lead to a slightly higher density in the
builds with a smaller height. However, the density of the SLM builds in this study is lower than that of
other as-built SLM AISI 420 parts which have a relative density greater than 99% [23,24]. Note that the
build direction is not given in References [23,24] and the largest dimension in their SLM builds is only
40 mm which is much shorter than the 110 mm given in this study. This might partially explain why
our relative density is somewhat lower than theirs. Table 2 also lists the hardness (HRC) data measured
at ten different places for each specimen, as represented by the average value + standard deviation.
The hardness of the given specimens in as-built state is higher than that of the counterparts made
by conventional manufacturing techniques of which the hardness is about 50 HRC [23]. For similar
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as-built SLM AISI 420 investigated in other studies, a hardness of HRC less than 51 is reported in
References [23,27] while an Hv 650 (equivalent to HRC 63) is reported in reference [24]. Therefore,
the average hardness of each given build direction in this study is greater than that in reference [23,27]
but lower than that in reference [24]. As shown in Table 2, Group C generally has the greatest hardness,
followed by Group A and then Group B. This is consistent with the trend that Group C specimens
also possess the highest tensile strength among the given three build directions, as described below.
Apparently, build direction indeed has an effect on the hardness of the given SLM AISI 420 builds.
More discussion on such build direction effect is given in Section 3.5.

Table 2. Density and hardness of SLM AISI 420 specimens of various build directions.

Specimen ID Relative Density, pr Hardness (HRC)

Al 0.93 55.6 +2.4
A2 0.98 56.1 +2.6
A3 0.98 56.2 + 0.6

Group A (average) 0.96 56.0
Bl 0.93 492 +42
B2 0.94 573+ 3.6
B3 0.93 527 +4.6

Group B (average) 0.93 53.1
C1 0.93 60.3 + 4.6
C2 0.90 58.1 +6.0
C3 0.92 632 +4.1

Group C (average) 0.92 60.5

Table 3. Tensile properties of SLM AISI 420 specimens with various build directions.

Yield Stress  Ultimate Tensile Stress ~ Elongation

Specimen ID

(MPa) (MPa) (%)
Al 481.1 830.5 1.23
A2 487.0 852.4 1.28
Bl 489.9 899.3 1.35
B2 518.4 829.8 1.17
B3 511.2 890.1 1.27
C2 982.2 1541 1.83
C3 1005 1450 1.56

3.2. Residual Stress

Residual stresses are unavoidably generated in SLM builds due to high temperature gradient and
high cooling rate caused by the local heat input of high-energy laser beam during the SLM process [3].
The residual stress may influence the strength of SLM builds depending on the residual stress level and
loading direction [3]. Residual stress measurement results for the as-built SLM specimens are shown
in Figure 4 in which the symbol represents the average value and the attached error bar represents
the standard deviation. Note that the average value and the standard deviation of each data point
presented in Figure 4 are calculated based on all of the repeated measurements of three samples in
each given build direction. As shown in Figure 4, the standard deviation is somehow large at certain
measured positions, which may be attributed to the variation of surface roughness from one sample to
another. Surface roughness has certain effects on the measurement of residual stress using the given
X-ray diffraction method [28]. As the tensile specimens in this study are directly fabricated by SLM and
tested in the as-built state without surface polishing, it is expected that the unpolished, rough surface
may cause a certain extent of scattering on the measurements of residual stress. Despite the data
scattering, a comparison of the residual stress distribution among the given build directions can still be
made using the general trend of the average values presented in Figure 4. For Group A specimens,
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residual tensile stresses exist in both I- and w-directions on the top length-width plane. This is expected
because the measured points of Group A are on the final layer in the SLM build. The process of cooling
and contraction of the melt material after being heated by the laser generates the tension seen in the
deposited layer [29]. Accordingly, the most recently added layers will experience the highest level of
tension, while eventually the lower layers are subject to compression by the cooling and contraction of
the melt material added above [29]. Group B and C specimens exhibit nearly zero stress or residual
compressive stress in a similar trend at the measured points, as these measured points are located on
the side surface in the middle section of the SLM build.
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100} 200 | \%;/
) = .
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Figure 4. Results of residual stress measurement: (a) oj; (b) 0. (A, B, and C denote the specimens
built along the thickness, width, and length directions, respectively, as shown in Figure 2).

3.3. Tensile Properties

Representative stress—strain curves of specimens tested are shown in Figure 5. The 0.2% offset
method is employed to determine the yield stress in Figure 5. As no necking phenomenon occurs,
the ultimate tensile stress is the same as the fracture stress. Elongation is defined as the final strain
value when the specimen fractures. The stress—strain curves indicate that the as-built SLM AISI
420 stainless steel is a brittle material as its elongation is less than 2% regardless of build direction.
A similar phenomenon is also observed for another as-built SLM AISI 420 [24]. Tensile properties
obtained for each specimen are listed in Table 3. In comparison of yield stress, ultimate tensile stress,
and elongation, Group C is superior to Groups A and B. The yield stress of Group C is almost twice
that of Groups A and B. Compared to the as-built SLM AISI 420 reported in a previous study by Saeidi
et al. [24], Group C has a comparable ultimate tensile strength but a higher yield strength. However,
the elongation to fracture observed in this study (1.17-1.83%) is smaller than that (3.5 + 0.3%) observed
in reference [24]. It might be attributed to a lower relative density of the as-built specimens in the
present study. The anisotropy of tensile properties observed in current work is caused by the difference
in build direction as a directional heat transfer is established along the build direction in SLM fabricated
metals [4]. Consequently, a directional grain growth mechanism would cause elongated grains to
form along the build direction [4]. The mechanism responsible for such anisotropic phenomena in the
present study will be discussed in Section 3.4.
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Figure 5. Stress—strain curves of SLM AISI 420 built in three directions. (A, B, and C denote the
specimens built along the thickness, width, and length directions, respectively, as shown in Figure 2.
A1, A2, and others individually represent each specimen ID number).

3.4. Fractography and Microstructural Analysis

Typical SEM micrographs of fracture surface of Group A specimens are shown in Figure 6.
Figure 6a shows a typical flat, brittle fracture mode without any ductile fracture feature such as necking
or dimples. The fracture origin is located at the width edge as outlined by the square zone in Figure 6a.
Two apparently defect-associated origins are found at the edge of the square zone in high-magnification
view, as shown in Figure 6b—d. EDS is employed to analyze the difference in composition between
these two defects and other regular, non-defect regions. It reveals these defects contain a small amount
of iron (0-16 wt%) and chromium (0-3 wt%) and a large amount of carbon (61-71 wt%), compared to
other non-defect regions. Therefore, these two defects are considered inclusions formed during the
SLM process. In addition, it is noticed that the width edge at which fracture initiates is also located
on the built top layer of the Group A specimen. As described in Section 3.2, residual tensile stress
exists on the top length-width plane (final deposited layer) of the Group A specimen. As a result,
fracture initiates at the existing inclusions in the residual-tensile-stress region of the as-built SLM
specimen. As shown in Figure 6e, a typical region away from the fracture origin also exhibits planar
facets of brittle fracture without ductile fracture feature of dimples. In this regard, brittle fracture is the
dominating failure mechanism for Group A specimens.

Figure 6. Cont.
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Figure 6. SEM micrographs of a Group A specimen: (a) Overview of fracture surface; (b) high-magnification
view of the outlined fracture origin zone in (a); (c) defect I in (b); (d) defect Il in (b); (e) high-magnification
view of a region away from the fracture origin.

A representative fracture surface of Group B specimens is shown in Figure 7. Again, a typical flat,
brittle fracture pattern is found and evidenced by the planar facets shown in the high-magnification
micrographs of Figure 7b,c. For this specimen, fracture initiates at the thickness edge, as indicated by
the outlined square region in Figure 7a. No obvious inclusion is found in the fracture origin region,
as shown in the high-magnification micrograph of Figure 7b. EDS is also applied to analyze the
composition of fracture origin and other regular regions. The results indicate the fracture origin in
this Group B specimen is not an inclusion because it contains a high proportion of iron. The thickness
edge at which fracture originates is located on the top built layer in the gauge section of the Group
B specimen. Group B specimens are built along the width direction such that the final top layer in
the gauge section is on the length-thickness plane. Residual tensile stress is also expected to exist on
this top layer of the Group B specimen promoting fracture initiation. Note that the residual stress
measurements shown in Figure 4 for Group B are taken on the vertical side surface rather than on
the top surface of the SLM build. Apparently, residual tensile stress also plays an important role in
determining the fracture initiation site.
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Figure 7. SEM micrographs of a Group B specimen: (a) Overview of fracture surface; (b) high-magnification
view of the outlined fracture origin zone in (a); (c) high-magnification view of a region away from the
fracture origin.

Figure 8 shows the typical fracture surface of Group C specimens. Figure 8a also shows a flat,
brittle fracture surface, and fracture origin is identified at a location inside the outlined square zone.
Both the fracture origin zone (Figure 8b) and other region (Figure 8c) exhibit a brittle fracture pattern
of planar facets. The fracture origin in this case is not located at the edge of gauge section, which is
different from the presented cases of Groups A and B. Note that the top layer of SLM build in Group
Cis located at the grip section rather than at the gauge section. As shown in Figure 4, the residual
stress (07) along the loading direction is compressive in the gauge section for the Group C specimen.
Comparison of EDS analysis between the fracture origin and other regions indicates the fracture origin
is also an inclusion containing a large amount of carbon (73 wt%) and a small amount of iron (10 wt%)
and chromium (1 wt%). Crack tends to initiate at such irregular inclusion due to a greater stress
concentration effect. Typical micro-pores observed on the fracture surfaces of the given SLM specimens
are shown in Figure 9. Such micro-pores are much smaller than the inclusions observed in Figures 6
and 8. Note that planar cleavage facets are also clearly seen in the SEM micrographs of Figure 9, again,
providing evidence of failure in brittle manner. In summary, inclusion and residual tensile stress are
the two major factors in determining the fracture origin site for the SLM builds presented in this study.
Crack tends to start from an irregular inclusion due to stress concentration and from the region with
high residual tensile stress. Brittle fracture is the dominating failure mechanism in tensile test for the
given SLM builds regardless of build direction.
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(a) (b)

()

Figure 8. SEM micrographs of a Group C specimen: (a) Overview of fracture surface; (b) high-magnification
view of the outlined fracture origin zone in (a); (c) high-magnification view of a region away from the
fracture origin.

Figure 9. SEM micrographs of micro-pores and cleavage facets observed on the fracture surface:
(a) Group A; (b) Group B; (c) Group C.
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XRD results (Figure 10) indicate that martensite and retained austenite are the two major phases
existing in all of the given SLM specimens. As expected, no presence of primary carbides is detected
due to insufficient time for diffusion of alloying elements and formation of carbide during rapid
solidification in the SLM process [30]. In addition, the repeated remelting of the material during the
SLM process may cause complete dissolution of the primary carbides [30]. With a very high cooling rate
in the given SLM process, the post-solidification state is similar to an austenitizing-quenching treatment
for martensitic stainless steels. During the quick cooling period, a large amount of austenite transforms
into martensite from the martensite-start temperature (M;) to martensite-finish temperature (My) [31].
Some austenite retains after the martensitic transformation process is completed. As described in
Section 3.2, the given AISI 420 stainless steel fabricated by SLM exhibits a brittle fracture manner with
an elongation less than 2%. The reason is that the as-built SLM specimens, without any tempering
treatment applied, contain a lot of fine martensite phase, so they are a brittle material. The volume
fraction of retained austenite can be determined through the equation derived by van Dijk et al. [32]
using the XRD results presented in Figure 10. The calculated volume fraction of retained austenite
with balance of martensite is presented in Table 4 for each group of specimen. As shown in Table 4,
all groups contain a lot of martensite, ranging from 71.7% to 78.8%. The amount of martensite in
the given specimens is comparable to that of another as-built SLM AISI 420 steel in the study of
Krakhmalev et al. [30]. Group A possesses the highest martensitic content, followed by Groups C
and B. However, their difference in martensitic content is not significant, compared to the extent of
difference in tensile strength. As described in Section 3.2, the tensile strength of Group C is significantly
higher than that of Groups B and A. Therefore, the content of martensite may not be the controlling
factor for the difference in the tensile strength of the given SLM builds.
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o 4 Retained austenite (')
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(111)Jl (200) (200) (220]( (311)
—~ |[Group A ~ ° A
3 110 %
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Figure 10. XRD results of SLM AISI 420 specimens built in various directions.

Table 4. Phase content in SLM AISI 420 specimens with various build directions.

Retained Austenite Martensite
Specimen Group
(%) (%)
A 21.2 78.8
B 28.3 71.7
C 23.3 76.7

Typical microstructure observed in low-magnification OM micrograph for each group is shown
in Figure 11. Note the observed vertical cross-sections in Figure 11 are parallel to the build direction
which is indicated by the arrow. Typical layer morphology is observed for each specimen presented
in Figure 11 as the SLM builds are fabricated in a layer-by-layer manner. As shown in Figure 11,
the melt pools exhibit semi-elliptical fusion boundaries (marked by red dash lines) on the observed
planes. The top width of the melt pool is close to the focus diameter of laser spot (200 pm), while the
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melt-pool depth is reflective of the nominal powder layer thickness (~50 pm). As shown in Figure 11,
the cross-sectional OM micrographs along the build direction exhibit similar morphologies in all of the
given samples with various build directions.

Y
=3
o
2
®
Q i
=
o
5

- uopngalip plIng ¢

Figure 11. Optical microscopy (OM) micrographs of representative microstructure in the SLM specimens:
(a) Group A; (b) Group B; (c) Group C. (Arrow indicates the build direction.).

As shown in Figure 12, SEM micrographs of a Group A sample are presented as an example to
display the representative melt pool microstructure for all of the given build directions. Similar to
Figure 11, Figure 12a,b is taken from the vertical cross-section which is parallel to the build direction,
while Figure 12c¢ is taken from the horizontal cross-section which is perpendicular to the build direction.
Figure 12a shows the low-magnification overview of a melt pool and surrounding area in which the
melt pool boundary is indicated by the arrows. As shown in Figure 12a, heterogeneous microstructures
including fine cells, elongated cells, and acicular structures are observed in the melt pools. Figure 12b
is a high-magnification view of the area near melt pool boundary, displaying fine, elongated sub-grains.
As shown in Figure 12¢, fine cellular structures in the melt pool center are visible when viewed from
the top. Such variation of microstructural morphology is attributed to the differences of temperature
gradient and grain growth rate in various zones of a melt pool [21]. The solidification direction is
along the direction having the largest temperature gradient, usually from the boundary to the center
of the melt pool. Therefore, during initial solidification of a melt pool, austenite heterogeneously
nucleates at the boundary and then grows toward the center to form an austenite-phase melt pool [33].
After cooling below the M, temperature, the prior austenite phase transforms to martensite during
the rapid cooling stage. As a result, the cellular structures are outlined by the prior austenite grain
boundaries, and the martensite laths are embedded in the sub-grain structures, as shown in Figure 12b.
As shown in Figure 12b, only the retained austenite is clearly observed in the cellular structures, but the
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martensite laths are barely seen. The reason is that the very fine lath structure of martensite is sensitive
to etching such that it is barely seen in the etched sample. In another way, SEM micrograph of the
top-layer microstructure without polishing or etching is shown in Figure 13. Needle-like martensite
laths in random orientation are clearly seen in Figure 13.

Figure 12. Representative SEM micrographs of melt pool: (a) Low-magnification view of
vertical cross-section; (b) high-magnification view of melt pool boundary in vertical cross-section;
(c) high-magnification view of melt pool center in horizontal cross-section.

Figure 13. SEM micrograph of needle-like martensite laths at the top surface of as-built SLM 420 sample.

As shown in the OM micrographs of Figure 11, all the given SLM specimens exhibit similar
microstructural characteristics in a vertical cross-sectional view along the build direction. In particular,
the heterogeneous fine cells, elongated cells, and acicular structures are clearly seen in the
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high-magnification SEM micrographs of Figure 12a,b. In general, the elongated cellular structure
grows epitaxially along the build direction. On the other hand, in the horizontal cross-sectional view
of the SLM build shown in Figure 12¢, fine cells are observed on the metallographic plane which is the
transverse cross-section of the elongated structure. Comparison of the micrographs in Figure 12b,c
clearly indicates an anisotropic microstructure in the SLM AISI 420 steel. In particular, sizes and
shapes of the prior austenite grain boundary (Figure 12) are not uniform revealing a heterogeneous
microstructure in the as-built SLM AISI 420 parts. It is attributed to different thermal histories in
various zones of an SLM build, caused by a complex combination of several factors, including high
cooling rate of melt pool, high and non-uniform thermal gradients, continuous remelting/heating of
material beneath the melt pool, and overlapping of scanning tracks during the SLM process [20,24].

3.5. Effect of Build Direction

As described above, build direction has noticeable effects on mechanical properties, residual stress
distribution, and fracture origin site. To quantitatively describe the build direction effect on mechanical
properties, an anisotropy ratio is defined as M4/M¢ and Mp/M¢ for the SLM builds of Groups A and B,
respectively. My, Mp, and M represent the average value of each mechanical property (yield stress,
ultimate tensile stress, elongation, or hardness) of Groups A, B, and C, respectively. In other words,
the mechanical properties of Groups A and B are normalized by that of Group C to define the anisotropy
ratio. The calculated anisotropy ratios of various mechanical properties are summarized in Table 5.
Note that the mechanical properties of Group C are taken as the basis such that its anisotropy ratios
are all equal to 1 in Table 5. Table 5 indicates yield stress and ultimate tensile stress have the greatest
anisotropy among the mechanical properties investigated, as the tensile strength of the horizontally
built specimens (Groups A and B) is only about 50% of that of the vertically built ones (Group C).
Noticeable anisotropy is also found in the elongation. However, the reduction in tensile strength of the
horizontally built parts does not increase their ductility, as they exhibit even poorer elongation, with a
level of only 74% of that in the vertically built ones. Compared to tensile strength and elongation, a less
but still noticeable anisotropy is found in hardness and the vertically built specimens exhibit greater
hardness over the horizontally ones by an extent of about 10%.

Table 5. Summary of anisotropy in mechanical properties with various build directions.

Specimen Anisotropy Ratio Anisotropy Ratio in Anisotropy Ratio Anisotropy Ratio
Group in Yield Stress Ultimate Tensile Stress in Elongation in Hardness
A 0.48 0.56 0.74 0.92
B 0.50 0.58 0.74 0.88
C 1 1 1 1

As described in Section 3.2, build direction also influences residual stress distribution in the gauge
section of the tensile specimens fabricated by SLM. Residual tensile stress exists on one side (final layer)
of the rectangular gauge section in Group A and B specimens, while the rectangular gauge section
(without final layer) in the Group C specimens exhibits residual compressive stress. When the SLM
build is subject to uniaxial tensile loading, residual tensile stress along the loading direction promotes
development of cracking and fracture. This is evidenced by the fractography analysis presented in
Section 3.4, indicating that fracture initiates right at the residual-tensile-stress side of the gauge section
of Group A and B specimens. In other words, the fracture origins are located at the final layer of the
two horizontally built groups of SLM specimens. However, for the vertically built Group C specimens,
the final top layer is located at the end of grip section and the fracture initiates at microstructural defects
within the gauge section rather than at the edge of gauge section. Apparently, stress concentration
effect causes crack initiation at irregular defects for Group C specimens. Therefore, the residual tensile
stress existing in the gauge section may cause premature fracture of the horizontally built specimens
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(Groups A and B) leading to a lower tensile strength and elongation, compared to the vertically built
ones (Group C).

The anisotropy in mechanical properties of the given SLM builds is mainly attributed to an
anisotropic microstructure, particularly the prior austenite grain boundary, as a result of directional
grain growth. As evidenced by the microstructural analysis presented in Section 3.4, the orientation of
the elongated cellular structures in the vertically built specimens (Group C) is parallel to the mechanical
loading direction. In contrast, the orientation of the elongated cellular structures in the horizontally
built specimens (Groups A and B) is perpendicular to the mechanical loading direction. Elongated
columnar grains will provide a different extent of grain boundary strengthening in longitudinal versus
transverse loading direction [8]. Apparently, a greater strengthening mechanism exists in the vertically
built specimens (Group C) when subjected to tensile loading in the build direction. It has also been
reported that more plastic deformation before failure is generally observed in the vertically orientated
samples fabricated by AM [34]. Consequently, yield stress, ultimate tensile stress, and elongation of
Group C are greater than those of Groups B and A. In summary, both residual stress and anisotropic
microstructure contribute to the anisotropy of mechanical properties in the given SLM builds of AISI
420. Compared to the hardness and the tensile properties of other as-built SLM AISI 420 steel [23,24,27]
described in Sections 3.1 and 3.3, Group C can provide comparable and reliable mechanical properties
for application in plastic injection mold.

4. Conclusions

(1) The dependence of microstructure and mechanical properties on build direction is confirmed for
the martensitic mold steel, AISI 420 stainless steel, fabricated by SLM in a vertical direction and
two horizontal directions.

(2) Build direction effect causes anisotropic mechanical properties as the vertically built SLM
specimens possess superior mechanical properties (yield stress, ultimate tensile stress, elongation,
and hardness) to those of horizontally built ones. This is mainly attributed to the anisotropic
microstructure in which the orientation of elongated cells and acicular structures in the vertical
and horizontal builds is respectively parallel and perpendicular to the tensile loading direction.
The residual compressive stress existing in the gauge section also contributes to the superior
tensile properties of the vertical builds, as compared to the horizontal builds which exhibit
residual tensile stress in the gauge section.

(3) The SLM AISI 420 builds in as-built state exhibit elongated cells and acicular structures which
are composed of martensite and retained austenite phases. The elongated cellular structures are
generally oriented with the build direction due to a directional grain growth mechanism. However,
build direction has a limited effect on the phase content as the SLM builds contain a comparable
amount of martensite, namely 78.82%, 71.69%, and 76.71% for Groups A-C, respectively.

(4) Fractography analysis reveals residual tensile stress and irregular inclusions both play an
important role in determining the fracture origin site of the given SLM builds when subjected to
uniaxial tensile loading.

Author Contributions: Conceptualization, C.-K.L.; methodology, P.-C.T., C.-K.L. and J.-R.H.; investigation,
L.-C.S. and X.-H.Y,; resources, C.-K.L., ].-R.H., and P.-C.T.; data curation, L.-C.S. and C.-K.L.; writing—original
draft preparation, L.-C.S.; writing—review and editing, C.-K.L.; supervision, C.-K.L.; project administration,
C.-K.L.; funding acquisition, C.-K.L. and J.-R.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was funded by the Ministry of Science and Technology (Taiwan) under Contract Nos.
MOST 106-2221-E-008-012-MY2 and MOST 107-2218-E-008-009.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.



Materials 2020, 13, 5142 17 of 18

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Gouge, M.; Michaleris, P. Thermo-Mechanical Modeling of Additive Manufacturing, 1st ed.;
Butterworth-Heinemann: Oxford, UK, 2018.

Xia, M.; Gu, D.; Yu, G;; Dai, D.; Chen, H.; Shi, Q. Influence of hatch spacing on heat and mass transfer,
thermodynamics and laser processability during additive manufacturing of Inconel 718 alloy. Int. |. Mach.
Tools Manuf. 2016, 109, 147-157. [CrossRef]

Shipley, H.; McDonnell, D.; Culleton, M.; Coull, R.; Lupoi, R.; O'Donnell, G.; Trimble, D. Optimisation of
process parameters to address fundamental challenges during selective laser melting of Ti-6Al-4V: A review.
Int. ]. Mach. Tools Manuf. 2018, 128, 1-20. [CrossRef]

Kok, Y.;; Tan, X.P; Wang, P; Nai, M.L.S.; Loh, N.H.; Liu, E.; Tor, S.B. Anisotropy and heterogeneity of
microstructure and mechanical properties in metal additive manufacturing: A critical review. Mater. Des.
2018, 139, 565-586. [CrossRef]

Chen, J.; Xue, L.; Wang, S.-H. Experimental studies on process-induced morphological characteristics of
macro- and microstructures in laser consolidated alloys. J. Mater. Sci. 2011, 46, 5859-5875. [CrossRef]
Deng, D.; Peng, L.R.; Brodin, H.; Moverare, ]J. Microstructure and mechanical properties of Inconel 718
produced by selective laser melting: Sample orientation dependence and effects of post heat treatments.
Mater. Sci. Eng. A 2018, 713, 294-306. [CrossRef]

Du, D.; Dong, A.; Shu, D.; Zhu, G; Sun, B.; Li, X.; Lavernia, E. Influence of build orientation on microstructure,
mechanical and corrosion behavior of Inconel 718 processed by selective laser melting. Mater. Sci. Eng. A
2019, 760, 469-480. [CrossRef]

Bean, G.E.; McLouth, T.D.; Witkin, D.B.; Sitzman, S.D.; Adams, P.M.; Zaldivar, R.]J. Build orientation effects
on texture and mechanical properties of selective laser melting Inconel 718. J. Mater. Eng. Perform. 2019, 28,
1942-1949. [CrossRef]

Zhang, Q.; Chen, J.; Zhao, Z.; Tan, H.; Lin, X.; Huang, W. Microstructure and anisotropic tensile behavior of
laser additive manufactured TC21 titanium alloy. Mater. Sci. Eng. A 2016, 673, 204-212. [CrossRef]
Simonelli, M.; Tse, Y.Y.; Tuck, C. Effect of the build orientation on the mechanical properties and fracture
modes of SLM Ti-6A1-4V. Mater. Sci. Eng. A 2014, 616, 1-11. [CrossRef]

Zhou, L,; Yuan, T.; Li, R; Tang, J.; Wang, M.; Mei, F. Anisotropic mechanical behavior of biomedical
Ti-13Nb-13Zr alloy manufactured by selective laser melting. J. Alloy. Compd. 2018, 762, 289-300. [CrossRef]
Wauthle, R.; Vrancken, B.; Beynaerts, B.; Jorissen, K.; Schrooten, ].; Kruth, J.-P.; Van Humbeeck, ]J. Effects
of build orientation and heat treatment on the microstructure and mechanical properties of selective laser
melted Ti6Al4V lattice structures. Addit. Manuf. 2015, 5, 77-84. [CrossRef]

Hartunian, P; Eshraghi, M. Effect of build orientation on the microstructure and mechanical properties of
selective laser-melted Ti-6Al-4V alloy. J. Manuf. Mater. Process. 2018, 2, 69. [CrossRef]

Sun, W.; Ma, Y.; Huang, W.; Zhang, W.; Qian, X. Effects of build direction on tensile and fatigue performance
of selective laser melting Ti6Al4V titanium alloy. Int. |. Fatigue 2020, 130, 105260. [CrossRef]

Dong, Z.; Liu, Y.; Li, W.; Liang, J. Orientation dependency for microstructure, geometric accuracy and
mechanical properties of selective laser melting AlSi10Mg lattices. J. Alloy. Compd. 2019, 791, 490-500.
[CrossRef]

De Menezes, ].T.O.; Castrodeza, E.M.; Casati, R. Effect of build orientation on fracture and tensile behavior of
A357 Al alloy processed by selective laser melting. Mater. Sci. Eng. A 2019, 766, 138392. [CrossRef]

Zhang, Z.; Chu, B.; Wang, L.; Lu, Z. Comprehensive effects of placement orientation and scanning angle
on mechanical properties and behavior of 316L stainless steel based on the selective laser melting process.
J. Alloy. Compd. 2019, 791, 166-175. [CrossRef]

Shrestha, R.; Simsiriwong, J.; Shamsaei, N. Fatigue behavior of additive manufactured 316L stainless steel
parts: Effects of layer orientation and surface roughness. Addit. Manuf. 2019, 28, 23-38. [CrossRef]
Liverani, E.; Toschi, S.; Ceschini, L.; Fortunato, A. Effect of selective laser melting SLM, process parameters
on microstructure and mechanical properties of 316L austenitic stainless steel. J. Mater. Process. Technol. 2017,
249, 255-263. [CrossRef]

Mooney, B.; Kourousis, K.I; Raghavendra, R. Plastic anisotropy of additively manufactured maraging steel:
Influence of the build orientation and heat treatments. Addit. Manuf. 2019, 25, 19-31. [CrossRef]


http://dx.doi.org/10.1016/j.ijmachtools.2016.07.010
http://dx.doi.org/10.1016/j.ijmachtools.2018.01.003
http://dx.doi.org/10.1016/j.matdes.2017.11.021
http://dx.doi.org/10.1007/s10853-011-5543-3
http://dx.doi.org/10.1016/j.msea.2017.12.043
http://dx.doi.org/10.1016/j.msea.2019.05.013
http://dx.doi.org/10.1007/s11665-019-03980-w
http://dx.doi.org/10.1016/j.msea.2016.07.040
http://dx.doi.org/10.1016/j.msea.2014.07.086
http://dx.doi.org/10.1016/j.jallcom.2018.05.179
http://dx.doi.org/10.1016/j.addma.2014.12.008
http://dx.doi.org/10.3390/jmmp2040069
http://dx.doi.org/10.1016/j.ijfatigue.2019.105260
http://dx.doi.org/10.1016/j.jallcom.2019.03.344
http://dx.doi.org/10.1016/j.msea.2019.138392
http://dx.doi.org/10.1016/j.jallcom.2019.03.082
http://dx.doi.org/10.1016/j.addma.2019.04.011
http://dx.doi.org/10.1016/j.jmatprotec.2017.05.042
http://dx.doi.org/10.1016/j.addma.2018.10.032

Materials 2020, 13, 5142 18 of 18

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Tan, C.; Zhou, K.; Kuang, M.; Ma, W.; Kuang, T. Microstructural characterization and properties of selective
laser melted maraging steel with different build directions. Sci. Technol. Adv. Mater. 2018, 19, 746-758.
[CrossRef]

Isfahany, A.N.; Saghafian, H.; Borhani, G. The effect of heat treatment on mechanical properties and corrosion
behavior of AISI420 martensitic stainless steel. J. Alloy. Compd. 2011, 509, 3931-3936. [CrossRef]

Zhao, X.; Wei, Q.; Song, B.; Liu, Y.; Luo, X.; Wen, S.; Shi, Y. Fabrication and characterization of AISI 420
stainless steel using selective laser melting. Mater. Manuf. Process. 2015, 30, 1283-1289. [CrossRef]

Saeidi, K.; Zapata, D.L.; Lofaj, F; Kvetkova, L.; Olsen, ].; Shen, Z.; Akhtar, F. Ultra-high strength martensitic
420 stainless steel with high ductility. Addit. Manuf. 2019, 29, 100803. [CrossRef]

MatWeb. 420 Stainless Steel. Available online: http://www.matweb.com/search/datasheettext.aspx?matguid=
641544e4c9f1425390d05ae37d55440a (accessed on 16 October 2018).

Tanaka, K. The cos o« method for X-ray residual stress measurement using two-dimensional detector.
Mech. Eng. Rev. 2019, 6, 1-15. [CrossRef]

Jamshidinia, M.; Sadek, A.; Wang, W.; Kelly, S. Additive manufacturing of steel alloys using laser powder-bed
fusion. Adv. Mater. Process. 2015, 173, 20-24.

Li, A; Ji, V,; Lebrun, J.L.; Ingelbert, G. Surface roughness effects on stress determination by the X-ray
diffraction method. Exp. Tech. 1995, 19, 9-11. [CrossRef]

Mercelis, P.; Kruth, J.P. Residual stresses in selective laser sintering and selective laser melting.
Rapid Prototyp. J. 2006, 12, 254-265. [CrossRef]

Krakhmalev, P.; Yadroitsava, I.; Fredriksson, G.; Yadroitsev, I. In situ heat treatment in selective laser melted
martensitic AISI 420 stainless steels. Mater. Des. 2015, 87, 380-385. [CrossRef]

Bhadeshia, H.; Honeycombe, R. Steels: Microstructure and Properties, 4th ed.; Butterworth-Heinemann: Oxford,
UK, 2017.

Van Dijk, N.H.; Butt, A.M.; Zhau, L.; Sietsma, J.; Offerman, S.E.; Wright, ].P.; van der Zwaag, S. Thermal
stability of retained austenite in TRIP steels studied by synchrotron X-ray diffraction during cooling.
Acta Mater. 2005, 53, 5439-5447. [CrossRef]

Takata, N.; Nishida, R.; Suzuki, A.; Kobashi, M.; Kato, M. Crystallographic features of microstructure in
maraging steel fabricated by selective laser melting. Metals 2018, 8, 440. [CrossRef]

Lewandowski, ].J.; Seifi, M. Metal additive manufacturing: A review of mechanical properties. Annu. Rev.
Mater. Res. 2016, 46, 151-186. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1080/14686996.2018.1527645
http://dx.doi.org/10.1016/j.jallcom.2010.12.174
http://dx.doi.org/10.1080/10426914.2015.1026351
http://dx.doi.org/10.1016/j.addma.2019.100803
http://www.matweb.com/search/datasheettext.aspx?matguid=641544e4c9f1425390d05ae37d55440a
http://www.matweb.com/search/datasheettext.aspx?matguid=641544e4c9f1425390d05ae37d55440a
http://dx.doi.org/10.1299/mer.18-00378
http://dx.doi.org/10.1111/j.1747-1567.1995.tb00840.x
http://dx.doi.org/10.1108/13552540610707013
http://dx.doi.org/10.1016/j.matdes.2015.08.045
http://dx.doi.org/10.1016/j.actamat.2005.08.017
http://dx.doi.org/10.3390/met8060440
http://dx.doi.org/10.1146/annurev-matsci-070115-032024
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Procedures 
	Specimen Fabrication 
	Measurement of Density, Hardness, and Residual Stress 
	Uniaxial Tensile Test 
	Fractography and Microstructural Analysis 

	Results and Discussion 
	Density and Hardness 
	Residual Stress 
	Tensile Properties 
	Fractography and Microstructural Analysis 
	Effect of Build Direction 

	Conclusions 
	References

