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Abstract

Recently, additive manufacturing (AM) technology such as powder bed fusion (PBF) and directed energy deposition (DED) are actively
attempted as consumers' needs for parts with complex shapes and expensive materials. In the present work, the effect of processing
parameters on the mechanical properties of 316L stainless steel coupons fabricated by PBF and DED AM technology was investigated. Three
major mechanical tests, including tension, impact, and fatigue, were performed on coupons extracted from the standard components at angles
of 0, 45, 90 degrees for the build layers, and compared with those of investment casting and commercial wrought products. Austenitic 316L
stainless steel additively manufactured have been well known to be generally stronger but highly vulnerable to impact and lack in elongation
compared to casting and wrought materials. The process-induced pore density has been proved the most critical factor in determining the
mechanical properties of AM-built metal parts. Therefore, it was strongly recommended to reduce those lack of fusion defects as much as
possible by carefully control the energy density of the laser. For example, under the high energy density conditions, PBF-built parts showed
46% higher tensile strength but more than 75% lower impact strength than the wrought products. However, by optimizing the energy density
of the laser of the metal AM system, it has been confirmed that it is possible to manufacture metal parts that can satisfy both strength and

ductility, and thus it is expected to be actively applied in the field of electric power section soon.
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l. Introduction

dditive manufacturing (AM), also known as 3D printing, has been
considered a promising technology that is well-suited for
aerospace, defense applications, and producing medical parts [1][2].
This is mainly due to the distinct advantages compared to the
conventional 'subtractive’ manufacturing processes such as casting
and wrought, including the ability to fabricate complex geometries,
improved manufacturing efficiency, and reduced production time
[3][4]- Moreover, the AM processes allow fabricating materials with
characteristic microstructures and mechanical properties due to the
complex thermal history of rapid heating and cooling. With these
apparent advantages, AM has newly attracted strong attention for
manufacturing electric power or energy-related components.
Although there are several types of metal AM processes, most
can be classified into two classes: powder bed fusion (PBF) and
directed energy deposition (DED) process [5][6]. Both processes use
a laser or electron beam as a thermal source to fuse metallic
particles. PBF machines selectively melt a thin layer of metallic
powder in a reservoir following 2D scanning paths of a 3D objectand
suitable for manufacturing very delicate small parts. In contrast,
DED has a coaxial nozzle that delivers metal powder (or wire), and a
concentrated energy source into the molten pool generated

simultaneously. It has a unique ability to fabricate functionally
graded metal components and repair valuable parts that cannot be
repaired by other traditional methods. Besides, DED is used to
fabricate large structures that would be almost impossible to build
using PBF techniques. All process parameters must be tuned
accurately to achieve a uniform and sound microstructure because
AM components are primarily influenced by laser power, beam size,
scanning speed, and powder feed rate. It has been shown that the
metal AM parts' mechanical properties are comparable to the
conventionally manufactured parts [7]-[9]. However, electric power
applications require a higher degree of part quality assurance and
process reliability that are difficult to achieve by a non-expert.
Several problems, such as anisotropic properties,
microstructural defects, and poor ductility, should be solved in
advance to apply AM technology into the electric power sector
successfully. Because AM components have characteristics of
heterogeneous and anisotropic microstructure, resulting in
mechanical properties are considerably different from those of
wrought commercial counterparts. Additionally, gas entrapment
pores and lack of fusion defects are frequently formed during AM
processes, which can be detrimental to the mechanical properties of
the components [10]-[13]. The current study focused on the
characterization of mechanical and microstructural properties of
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Fig. 1. The shape of standard components for the sampling of
microstructure and mechanical test specimens.

316L stainless steel coupons fabricated by PBF and DED.

An attempt was made through the comparative evaluation with
conventional manufacturing processes to explain the process-
microstructure-property correlation for 316L stainless steel alloy by
direct laser deposition.

Il Experimental

A. Material and Additive Manufacturing Processing

Two different kinds of metal AM (PBF, DED) and investment
casting processes were used to fabricate 173 mm long x 105 mm
wide x 160 mm tall standard components from pre-alloyed stainless
steel 316L of complex shapes as shown schematically in the Fig. 1.
The standard components were designed to have complex shapes
that were appropriately mixed with thin and thick parts to induce a
unique microstructure by controlling the cooling speed. Tensile,
impact, and high-cycle fatigue test specimens at an angle of 0°, 45°,
and 90° relative to the build direction were prepared to study the
anisotropic behavior of the buildups.

Two PBF systems (ProX 320 of 3D Systems, SLM 280HL of SLM
Solutions) and a DED equipment (MX-Lab of INSSTEK) were used to
fabricate the standard components. Besides, investment casting
components were also fabricated by Korea Lost-Wax Co., Ltd., and
the Ceramic 3D printer (VX500 of Voxeljet) was used to produce wax
patterns for casting mold. Because the same standard components
could not be made with a commercial wrought process, mechanical
test specimens for comparative evaluation were prepared using a
forged round bar. In the case of PBF, the energy density was divided
into two conditions, 62 J/mm3 and 87 ]J/mms3, to investigate the
effects of energy density.

The standard components were subjected to three stages of
homogenized heat treatment (650°C / 1.5 hrs + 850°C / 1.5 hrs +
1,040°C / 3 hrs) to remove residual thermal stress during laser
deposition. All of the mechanical test specimens were produced
according to the ASTM specifications, as shown in Fig. 1.

B. Mechanical Property Tests

MTS Landmark hydraulic equipment (Tension Speed 0.025
mm/s, Fatigue Stress 165+135 MPa, Fatigue Frequency 10 Hz), and
the sharpy impact tester were used to evaluate three different
mechanical properties at room temperature. The specimens were
chemically etched in a solution of (HCl: HNO3=3:1) for 40 seconds,
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Fig. 2. Changes in internal defects according to metal AM process
parameters. (a) Optical microscope photographs. (b) CT
photographs.

and the microstructure was examined by using an optical
microscope (Leica, 5000M) and scanning electron microscope
(JEOL, 200 kV). Electron backscatter diffraction (EBSD) was also
used to characterize the grain structure and compare the grain size
of the specimens.

lll.  Results and Discussion

A. Effect of Processing Parameters

For the direct laser deposition AM process, laser power and
scanning speed have been considered as the most critical
parameters for buildups' microstructure and mechanical properties.
Fig. 2 shows the cube-shaped coupons with a side length of 10 mm
by PBF system (SLM280HL of SLM Solutions) combined with
deposition parameters (power: 180~220 W, speed: 700~900
mm/min, energy density: 55.55~87.30 ]/mm3). The primary goal of
the experiments' design was to optimize laser deposition
parameters for producing samples with minimum porosity. The
microstructure was examined using a CT scanner to investigate the
effect of the two significant parameters on the pore density inside
the sample. It can be seen from Fig. 2 that the lowest pore density
was observed in the sample that was produced with maximum
power (220 W) and minimum scanning speed (700 mm/s). In the
figure, the more laser power increases, the slower the scan speed,
the lower the volume of defects within the sample. These defects are
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Fig. 3. SEM images of the 316L stainless steel samples produced by PBF
process; (a)-(c) high ED PBE, (d)-(f) low ED PBF. Arrows point to
the melt pool boundary.

attributed to the incomplete melting of metal powder due to a lack
of energy. Therefore, laser energy density is considered as a crucial
factor that quantifies the energy input that affects the final part's
microstructure and mechanical properties in the AM process. In
order to investigate the effects of energy density (ED) more closely,
standard components were prepared by dividing into two types of
PBF process: high energy density (87 J/mm3) and low energy
density (62 J]/mm3). The ProX 320 model of 3D Systems was used to
fabricate high ED PBF specimens.

B. Microstructure Characterization

Stainless steel 316L may show very different microstructures
depending on the manufacturing process, thus leading to distinct
mechanical and physical properties [14]. The microstructures of
standard components manufactured by AM processes are shown in
Fig. 3 and Fig. 4 compared to those of casting and wrought specimens
(Fig. 5). As-cast 316L samples show a relatively coarse columnar
grain, so the distance between the dendrite was quite wide. Discrete
carbides and incomplete melt defects preferentially along the
interdendritic region and pore sizes of 30 to 40 nm are observed
depending on the area. Furthermore, in wrought samples, the
deformed martensite microstructure characterized by mechanical
twin is observed in the grain of the austenite, with no apparent pores

G

Fig. 4. SEM images of heat-treated DED samples.

©

Fig. 5. SEM images of conventional manufacturing processes; (a) and (b)
As-cast, (c) and (d) Wrought.

being observed, showing a very fine and sound microstructure. In
addition, spherical precipitate within 3um, which are identified as
carbides, are also observed over the entire area.

On the other hand, the microstructure of high ED (87 J/mm3)
PBF samples showed a poorly defined, very dense martensitic
structure where the shape of the grain is very anisotropic and
irregular, with scattered precipitate particles distributing in lath
martensite and retained austenite (Fig. 6). Microscopic carbides
ranging from several to tens of nm in size throughout the
microstructure and rather large carbides with high Si content were
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Fig. 6. EBSD IPF micrographs of three different processed stainless steel
316L samples; (a) As-cast, (b) DED, (c) high ED PBE.
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Fig. 7. Lack of fusion defects observed for low energy density (ED) PBF
samples. Arrows point to the melt pool boundary.

occasionally observed. These fine precipitates may improve the
mechanical properties of PBF coupons as compared with
conventionally manufactured buildups. The high ED PBF samples'
grain size was much smaller than that of the as-cast counterparts
due to the rapid cooling rate during the manufacturing process. As a
consequence, if PBF process conditions are optimized, it can be
confirmed that refined microstructure without coarse defects can be
obtained as can be seen in the wrought counterparts.

In contrast, low ED (62 ]J/mm3) PBF coupons showed the melt
track morphologies clearly in the as-built state. Even after the heat
treatment, the melt pool boundary did not disappear completely, but
some vague traces of boundary remained, as indicated in Fig. 3(e)
and 3(f). Moreover, it is characteristic that the subgranular cellular
structures were found locally. Unlike the PBF samples, the DED
coupons showed a recrystallized (equiaxed) microstructure after
heat treatment, and no melt pool boundary was visible (Fig. 4).
However, a uniform distribution of oxides measuring tens of nm
across the grain was observed, and some void or cracks surrounding
inclusions mainly occurred around the grain boundary.

Low ED process may produce a melt pool too small to sufficient
overlap with neighboring melt pools, and thus, many defects were
observed contrasted to the high ED samples [15]. Especially when
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Fig. 8. Tensile stress-strain curves for five different manufacturing
methods after heat treatment(a), and DED specimens in as-built
condition(b).

there is a possibility of particle surface oxidation due to a problem in
the storage of metal nanopowder, various and large amounts of
porosity were observed in the manufactured parts. These pores
were irregularly shaped and typically larger (100 pm~400 pm in
length) than the spherical pores found. In some cases, the metal
powder, which is not completely melted, was observed in pores (Fig.
7), indicating that the energy needed to fuse the powder was
insufficient. In particular, those lack of fusion defects strongly
depended on the workers and environments, even with the same
equipment, materials, and process conditions. These results are
thought to be mainly due to the problem of surface oxidation in metal
powder during the storage or handling of nano-scale ultra-fine
particles.

C. Mechanical Properties

In Fig. 8(a), tensile stress-strain curves of the AM samples after
solution heat treatment are shown along with the curves taken from
the reference as-cast and wrought samples. The high ED PBF
specimens show the highest ultimate tensile strength (1,090 MPa,
UTS) and yield strength (820 MPa, YS), which are 39-46% higher
than those measured for reference wrought specimens, which
consistent 747 MPa and 590 MPa, respectively. Besides, after
reaching the UTS, the strength tended to decrease significantly due
to the non-uniform and local plastic deformation and decreased to
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Fig.9. SEM fractographs of the 316L SS samples after tensile test after
heat treatment; (a) and (d) high ED PBF, (b) and (e) DED, (c) and
(f) wrought specimen.

the level of 700MPa just before breaking. It was found that the strain
to failure (14%) did not reach the desired level, which is much lower
than that of the wrought samples (45%). As is generally known,
defects and porosity may reduce the apparent strength and ductility
at the same time [15]. However, because the high ED PBF samples
show the highest strength, it is reasonable to think that the lower
ductility is mainly attributed to the hard and brittle martensitic
phase formed during the rapid solidification process. Interestingly,
the high ED PBF samples did not show any anisotropic tensile
properties regardless of heat treatment.

In contrast, the as-built DED specimens showed a much lower
strength than the high ED PBF samples, and the difference between
UTS and YS was significantly reduced. In particular, it displayed
anisotropic tensile properties with high strength and elongation in
the order of 0° > 45° > 90° inclination of deposition layers to the
loading direction. That is, the strength (UTS: 690 MPa, YS: 585 MPa)
and elongation rate (EL: 32%) were higher in a loading direction
parallel to the laminated plane, but both the strength (UTS: 645 MPa,
YS: 521 MPa) and the elongation rate (EL: 24%) were the lowest in
a direction perpendicular to the plane. The EL of 24% is the lowest
value for the DED samples in the as-built state, but it is worth noting
that it is almost twice as high as one of the high ED PBF samples.

Unexpectedly, the homogenized heat treatment did not seem to
have much effect on tensile properties in most specimens. However,
it was able to confirm that the tensile properties of the DED samples,
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Fig. 10. Comparison of the impact energy for 316L SS specimens taken
from the standard components after heat treatment.

which showed anisotropic properties in the as-built condition, were
significantly changed by heat treatment. For all DED specimens, the
material deviation from the anisotropy was disappeared, and the
strength (UTS: 573 MPa, YS: 248 MPa) decreased slightly, while the
ductility increased significantly, resulting in no fractures within the
strain gauge's operating range (~48%). Moreover, no local necking
phenomenon occurred, resulting in breakage under maximum load
conditions. Finally, for as-cast specimens, the lowest level of strength
(UTS: 420 MPa, YS: 174 MPa) and good ductility (EL of 40%) were
observed.

In summary, samples manufactured using the AM process tend
to be extremely strong while the elongation rate is insufficient, or if
the elongation rate is adjusted through post-heat treatment, the
strength tends to decrease significantly. This behavior is thought to
be adjustable as much as possible by optimizing heat treatment or
AM process conditions. Thus, PBF specimens with reduced energy
density were also processed, and tensile tests were conducted,
resulting in a balance of strength (UTS: 713 MPa, YS: 618 MPa) and
ductility (EL>48%), as shown in Fig. 8(a). This value corresponds to
excellent tensile properties comparable to the wrought samples.

The high ED PBF specimens showed a deficient elongation rate,
so the fracture behavior was expected to show a brittle style rather
than ductile, but it showed typical cup-and-cone ductile fracture
patterns, as shown in Fig. 9(a) and 9(d). Interestingly, this was the
same for wrought samples with good ductility, and the only
difference was the dimple's size can be seen in the fracture surface
[Fig. 9(c) and 9(f)]. In the center of the dimple, Fe-Cr-O-based oxide
particles having a size of several hundred nm and Cr-rich carbide
particles having a much coarse diameter of several um were partially
observed. While the dimple cell observed in the high ED PBF
sample's fracture surface had a relatively small diameter of
hundreds of nm, the wrought specimens, which showed a typical
ductile deformation, had relatively large and deep dimples of around
4 pm.

On the other hand, the heat-treated DED specimens did not
show a cup-and-cone shape fracture and localized necking, and thus
fine dimples of around 1um were evenly distributed on the fracture
surface. In general, the fracture surface of AM specimens is
microscopically very smooth like a brittle transgranular fracture
surface, and the dimple cell is much smaller than that of their
conventionally built counterparts. Sometimes pinhole-like large and
deep defects were observed on the fracture surface, and the
presence of these defects under the condition of lack of ductility was
expected to reduce the mechanical properties of AM samples
significantly.
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Fig. 11. Comparison of the high cycle fatigue life for 316L SS specimens
taken from the standard components after heat treatment.

Sharpy impact tests showed that the impact strength of metal
AM parts was more than 75% lower than wrought specimens (Fig.
10). Impact strength is thought to be having a direct linear
relationship with elongation rate (EL), and therefore it is necessary
to improve the ductility to strengthen the impact characteristics
sufficiently. Besides, homogenized heat treatment showed a distinct
effect of improving impact strength in all test specimens. The
findings show that the most critical point for the AM process is how
to secure sufficient ductility, rather than having a high strength.
Fatigue characteristics also appeared to be significantly affected by
ductility. When a fatigue test is conducted on a round-shaped
specimen, the fatigue life varies greatly depending on whether the
fatigue load exceeds the yield strength of each test specimen. In this
fatigue test, the fatigue load was in the range of 30 to 300 MPa, so the
fatigue life was extremely short in casting, and DED samples whose
yield strength was lower than 300 MPa (Fig. 11). The remaining
specimens had a yield strength of 590 MPa or more, so no fractures
occurred in all coupons over 2 million fatigue cycles

IV. Conclusion

In this paper, the characterization of microstructure and
mechanical properties of metal AM coupons have been performed.
Based on the achieved results, the following conclusions can be
drawn:

1) Metal AM parts are superior to parts manufactured by
conventional processes such as casting and wrought in terms of
strength but have a poor impact and fatigue properties due to low
ductility, which is the characteristics of the rapid cooling process.

2) Thorough attention is required to manage the metal
nanoparticles as it may not melt well due to oxidation of the powder
surface or agglomeration between particles by reacting with
moisture or oxygen in the atmosphere.

3) Low energy density may introduce incomplete melting of
metal powder, and consequently, the large-sized lack of fusion pore
can be formed. On the contrary, if the energy density is too high, the
ductility is reduced significantly by forming a non-equilibrium
martensitic microstructure with a high density of dislocation.

4) The low ED PBF samples exhibit satisfactory mechanical
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properties comparable to wrought specimens in terms of impact and
fatigue characteristics known to be most vulnerable in metal AM
samples. Therefore, it is expected to be used well in the electric
power sector requiring high reliability if AM process parameters,
beam strategies, and post-heat treatment conditions are fully
optimized.
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