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Abstract

Additive manufacturing has evolved from a rapid
prototyping technology to a technology with the abil-
ity to produce highly complex parts with superior
mechanical properties than those obtained conven-
tionally. The processing of metallic powders by means
of a laser makes it possible to process any type of alloy
and even metal matrix composites. The present work
analyzes the tensile and compressive response of 316L
stainless steel processed by laser-based powder bed
fusion. The resulting microstructure was evaluated by
optical microscopy. Regarding the mechanical prop-
erties, the yield strength, ultimate tensile strength,
percentage of elongation before breakage, compres-
sive strength and microhardness were determined.
The results show that the microstructure is consti-
tuted by stacked micro molten pools, within which
cellular sub-grains are formed due to the high ther-
mal gradient and solidification rate. The compressive
strength (1511.88 + 9.22 MPa) is higher than the ten-
sile strength (634.80 £+ 11.62 MPa). This difference
is mainly associated with strain hardening and the
presence of residual stresses. The initial microhard-
ness was 206.24 + 11.96 HV; after the compression
test, the hardness increased by 23%.

Keywords: Additive manufacturing, Laser powder
bed fusion, Mechanical properties, Stainless steel,
Strain hardening

Resumen

La manufactura aditiva pasé de ser una tecnologia
de prototipado rapido a una tecnologia con la capaci-
dad de producir piezas de gran complejidad y con
propiedades mecéanicas superiores a las obtenidas con-
vencionalmente. El procesamiento de polvos metélicos
a través de un laser permite procesar cualquier tipo de
aleacién e incluso materiales compuestos. En el pre-
sente trabajo se analiza la respuesta a traccion y com-
presiéon del acero inoxidable 316L procesado mediante
fusién selectiva laser. Se analiz6 la microestructura
resultante mediante microscopia 6ptica; respecto a
las propiedades mecanicas se determiné la resistencia
a la fluencia, resistencia dltima a la traccién, porcen-
taje de elongacion antes de la rotura, resistencia a la
compresién y microdureza. Los resultados obtenidos
muestran que la microestructura esta constituida por
micropiletas fundidas apiladas, dentro de las cuales
se generan subgranos celulares, producto del elevado
gradiente térmico y la alta tasa de solidificacion. La
resistencia a la compresién (1511.88 + 9.22 MPa)
es mayor a la resistencia a traccién (634.80 + 11.62
MPa). Esta diferencia esté asociada principalmente
al endurecimiento por deformacién y la presencia
de esfuerzos residuales. La microdureza inicial fue de
206.24 + 11.96 HV; posterior al ensayo de compresion
la dureza se increment6 un 23%.

Palabras clave: manufactura aditiva, fusién selec-
tiva laser, propiedades mecénicas, acero inoxidable,
endurecimiento por deformacién
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1. Introduction

Additive manufacturing (AM) technology emerged as
a rapid prototyping technique. Although initially fo-
cused on polymer processing with techniques such as
stereolithography (SLA) and fused deposition model-
ing (FDM) in the 1980s, it was later extended to the
processing of metals, ceramics, and composites [1,2].

AM came from the minds of two chemical engi-
neers who developed a toy for their daughter, which
deposited a polymer layer by layer [3]. They patented
their invention in 1986. A few years later, they consol-
idated one of the most successful additive manufactur-
ing companies to date, Stratasys. Already in the 1990s,
the first developments in metal processing appeared,
with technologies such as selective laser melting (SLM)
and selective laser sintering (SLS) [4,5]. It is worth
noting that all these developments went hand in hand
with universities and research centers, which acceler-
ated technological development.

The last few years have seen great advances in pro-
cessing various types of materials [6]. Manufacturers
have expanded their product portfolio to include equip-
ment, raw materials, and consumables. In addition,
extensive research has been developed to investigate
the potential benefits of AM in different fields. For
instance, several opportunities as possible cost and
lead time reductions, the possibility of unique design
solutions, and the consolidation of multiple compo-
nents, have been identified [7]. However, additive man-
ufacturing is not yet a plug-and-play technology. It
requires a thorough knowledge of the material to be
processed, suitable processing parameters, and environ-
mental conditions, among others [5]. Furthermore, AM
also requires substantial work and research in order to
obtain diverse certifications and standards required in
different fields to demonstrate its efficiency in manu-
facturing complex parts and assure their repeatability
and quality [7].

FDM technology is one of the most widely used
technologies, mainly due to its ease of installation and
work [8-11]. In contrast, metal fabrication requires
expensive and more complex equipment. Metal AM
is classified into directed energy deposition (DED)
[12-14] and powder bed fusion (PBF) [15,16]; within
DED, the technology that stands out for its versatility
and processing capability is wire arc additive manufac-
turing (WAAM) [17-20]. On the other hand, in PBF,
the best option for the manufacture of parts of great
geometric complexity and reduced size is laser-based
powder bed fusion (LPBF) [21].

LPBF uses a medium-power laser (100-400 W)
to melt metal powders, which change phase in mi-
croseconds, creating repetitive cycles of melting and
solidification that produce microstructures never seen
before [22,23]. One of the notable features is the forma-
tion of smaller grains compared to the same material

processed conventionally. In addition, micro-molten
pools are created within which cellular subgrains are
formed. These peculiar microstructures give rise to
different mechanical properties [?,24], which require
multiple mechanical tests to determine their suitabil-
ity for use as load-bearing structural elements or in
dynamic environments under varying loads.

Regarding the mechanical properties, a significant
improvement in different mechanical properties of spec-
imens manufactured by means of LPBF has been ob-
served. For instance, Rottger et al. [25] compared the
mechanical properties of specimens manufactured with
316L austenitic steel processed by SLM technology
and specimens manufactured through a regular cast-
ing process. After performing tensile tests, it was ob-
served that the tensile strength increased by approxi-
mately 20 % in samples produced by AM. Moreover,
Kurzynoswki et al. [26] carried out tensile tests on
316L stainless steel specimens manufactured by SLM
with different process parameters and compared the
results with the mechanical properties of samples made
from rolled sheet AISI SS316L. An improvement in
the yield strength and Young’s modulus was observed
after testing. In addition, Liverani et al. [27] studied
the effect of different process parameters on the mi-
crostructure and mechanical properties of specimens
produced by SLM. After performing tensile and fatigue
tests, the experimental results suggest the possibility
of an improvement of the ultimate tensile strength and
the percentage of elongation of the specimens when
compared to conventionally manufactured AISI316L
samples. In a different study, Liverani et al. [28] re-
ported a yield strength (oy) of around 400 MPa and
an ultimate tensile strength (oyrs) between 500-600
MPa. Larimian et al. [29] obtained similar results, high-
lighting the effect of processing parameters and the
scanning strategy on the resulting strength. The lowest
and highest oy was 148 and 462 MPa, respectively.
While, the oyrg values were around 178 and 584 MPa.
It is worth noting that to obtain an adequate mechan-
ical response, it is essential to obtain samples with the
maximum relative density.

In the case of compressive response, Giiden et
al. [30] investigated the influence of the strain rate
during compression tests of selective laser melted 316L
stainless steel and reported ultimate true compression
stresses in the range of 1400 to 1600 MPa with strain
rates ranging from 2800 to 3250 s~ !, respectively. Li
et al. [31] developed a constitutive model to predict
the compressive stress-strain of 316L stainless steel
processed by LPBF and compared the results with
specimens manufactured with SLM equipment at dif-
ferent scanning speeds. An average compressive stress
of 1400 MPa and a strain of 23 % were obtained.

Therefore, the present work is focused on determin-
ing the tensile and compressive response of 316L stain-
less steel processed by laser powder bed fusion technol-
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ogy under specific conditions. As the microstructure
plays a fundamental role in comprehending the re-
sulting mechanical properties, an in-depth analysis is
carried out of the microstructural features as well as
the relative density.

2. Materials and Methods

The material used to fabricate the samples was 3161
stainless steel, whose nominal chemical composition is
detailed in Table 1.

Table 1. Nominal chemical composition of the AIST 316L
stainless steel powders.

Elements (wt%)

Fe Cr Ni Mo Mn
Bal. 16.5-18 10-13 2-2.5 0-2
Si C P S
0-1 0-0.03 0-0.04 0-0.03

The selective laser melting process was carried out
in a Concept Laser machine (MLAB 200R) equipped
with a 200W fiber laser (Nb:YAG) with a wavelength
of 1064 nm. The powders were deposited on a 16 mm
thick 316L stainless-steel support plate. The processing
parameters were a laser power of 160 W, a scanning
speed of 800 mm/s, hatch spacing of 60 um and a layer
thickness of 30 pwm (Figure 1); these parameters were
chosen to maximize the relative density, reducing the
porosity of the printed samples.

—
Scanning speed

Powder bed

Layer thickness

Substrate /
preceding layers

Build direction
» <

Figure 1. Schematic representation of the laser-based
powder bed fusion process, identifying the key processing
parameters and the scanning strategy.

Flat dog-bone geometry specimens agreeing to
ASTM E8/8M-21 and prismatic samples of 16x10x7

mm were fabricated with a meander scanning strategy
with a 67° rotation after each deposited layer. After
manufacturing, all the samples were cut from the build
platforms by wire-electrical discharge machining.

For the metallographic inspection, the samples were
first planar ground using SiC paper, starting from 120
to 2000 grit to roughly polish the sample surface. Then,
finely polished using alumina and posteriorly diamond
paste. The material microstructure was revealed by
chemical etching immersion in Aqua regia solution (20
ml HNO3 and 60 ml HCI) for 30 s. The material sur-
face morphology was inspected by means of optical
microscopy (OM) (MEIJI IM 7200). The OM micro-
graphs were processed and analyzed using Fiji software
(National Institutes of Health, USA) to determine mi-
crostructural features and evaluate porosity by means
of image analysis.

Tensile tests following the ASTM E8/8M-21 were
carried out using a universal tensile tester machine
(Instron 3368, Zwick) with a 50 kN load cell and a 2
mm/min speed to fracture and a gauge length of 50
mm with an extensometer. According to ASTM E9-09,
compressive tests were carried out using the prismatic
specimens. Four prismatic specimens were tested, and
the average results were reported. In addition, the
elastic modulus was calculated according to ASTM
E111.

Microhardness was measured using a Vickers hard-
ness tester (METKON DUROLINE-M), using a 500
g force and 10 s as dwell time, according to ASTM
E384 standard. Mean values were recorded through
five measurements and then reported.

3. Results and discussion

Figure 2 shows the manufactured test specimens. It is
worth noting that both the powder and the support
plate must be manufactured from the same material
to obtain proper adhesion between the two parts and
avoid errors or displacements during the additive man-
ufacturing process.

Figure 2. Additively manufactured samples for microstruc-
ture and mechanical evaluation. Base plate dimension: 100
x 100 x 16 mm.

In order to determine the relative density, the sur-
face defects obtained by optical microscopy were evalu-
ated (Figure 3). By means of image analysis, a relative
density of 99.7 % was obtained.



12

INGENIUS N.° 31, january-june of 2024

Obtaining parts with a relative density greater
than 99 % is essential to obtain comparable mechani-
cal properties to parts manufactured by conventional
methods. As can be seen in Figure 3, there are still
circular porosities, which are associated with the gas
trapped inside the metal powder [32]. However, most
of the surface is free of pores, which ensures the suit-
able performance of the manufactured samples and the
proper selection of the chosen processing parameters.

3.1. Microstructure analysis

Figure 4 presents the 3D assembly of optical micro-
graphs obtained in different manufacturing planes. It
is possible to appreciate that the scanning strategy
used can be distinguished in the upper plane. At the
same time, it is possible to observe the stacking of
micro-molten pools in the lateral planes. Figure 5a
shows in more detail the arrangement of molten pools,
where it is possible to extract that, on average, the
molten pool has a depth of approximately 50 ym and
an extension of 140 um. Figure 5b shows the detail of
a molten pool within which cellular sub-grains appear,
as reported in previous research work [33-36].

Cellular grains can be distinguished within the
molten pool (Figure 5b); these sub-grains are pro-
duced due to the high thermal gradient and solidifi-
cation rate [37]. As the fusion-solidification process
is generated layer by layer, the molten pool deforms
slightly due to the presence of residual stresses [38,39].
The scanning strategy also causes the molten pool to
deform; the rotation of the printing angle modifies the
thermal gradient, modifying the geometry of the micro
molten pools.

Figure 3. Optical micrograph to assess the internal poros-

ity.

Figure 4. 3D assembly of optical micrographs of the 316
L stainless steel processed by LPBF.

Figure 5. Optical micrograph of the additively processed
316L stainless steel a) 200x, b) 1000x highlighting the
molten pool.
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3.2. Mechanical response

Figure 6 shows the stress-strain curve of 316L stain-
less steel subjected to a tensile test. The yield stress
was 512.32 + 7.84 MPa, the ultimate tensile stress
was 634.80 4+ 11.62 MPa, and the deformation before
rupture was 31.61 £ 1.40 %.

700
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Figure 6. Tensile evaluation of LPBF 316L stainless steel.

As can be seen in Figure 6, the material shows a duc-
tile response with a large deformation after exceeding
the elastic limit region. In addition, the yield strength
for the material has been determined to be around
512.32 MPa, corresponding to an engineering strain
of 0.05. Accordingly, the ultimate tensile strength is
around 634.80 MPa at a strain of approximately 0.32.
For the manufactured group of specimens, the elastic
modulus was determined to be around 229.12 4+ 2.14
GPa. In addition, once the plastic deformation has
begun, it is possible to observe a stable strain hard-
ening stage followed by a necking region that leads to
the fracture of the specimen. Even though the ductile
response is associated with the absence of porosity, if
there is a low relative density, the material tends to
fracture in a brittle manner [40] due to the presence
of defects such as trapped gas, unstable melting pools
or lack of fusion [41].

Figure 7 shows the necking that occurs in the sam-
ple before breakage. The necking and area reduction
is a typical indicator of the ductile response of the
tested material. Additionally, it can be observed that
the fracture occurs at an angle of about 45°.

The failure mechanism of 316L stainless steel fab-
ricated by additive manufacturing may be associated
with the microvoid coalescence fracture, which occurs
when the material contains small pores or inclusions
that grow and coalesce under tensile stress, forming
internal microcracks.

Figure 7. Area reduction of the specimen used in the
tensile test.

Figure 8 shows the compressive response of the
additively manufactured stainless steel specimens. The
compressive strength (1511.88 + 9.22 MPa) is higher
than the tensile strength (634.80 £+ 11.62 MPa). This
difference is mainly associated with strain hardening
and residual stresses [?7,38], [42]. As can be seen in
Figure 8, when the stress exceeds 500 MPa, the ma-
terial starts to harden. Strain hardening makes the
material capable of withstanding high stresses before
failure occurs. In addition, the crystalline structure
of austenitic stainless steel (FCC) typically contains
planes of atoms that can slide past each other more
easily under shear forces (such as in compression) than
they can be pulled apart under tensile forces. In other
words, the crystal structure of the 316L SS is more
resistant to compression and shear forces.
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Figure 8. Compressive response of LPBF 316L stainless
steel.

When subjected to compressive stress, the deforma-
tion of the material causes strain hardening. Therefore,
the hardness was evaluated before and after the com-
pression test (Figure 9).
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Figure 9. Microhardness evaluation of the 316L stainless
steel processed by LPBF.

The initial microhardness was 206.24 + 11.96 HV,, 5
in the as-built condition. After the compression test,
microhardness increases to 253.32 + 11.12HVj 5.

Figure 10 shows the deformation produced after the
compression test, where it is evident how the molten
pools have been deformed. The compression process
acts as a strain-hardening treatment. It has been ob-
served that the molten pools are deformed, which gen-
erates a kind of cold working treatment. Internally, the
grains are compressed, reducing their size, which in-
creases the hardness. The microhardness has increased
by 23 %.

Figure 10. Compressed molten pools after compression
test.

Table 2 summarizes the mechanical response of
additively manufactured 316L stainless steel. The re-
sults obtained in the present work coincide with those
reported in the literature [24], [25], [27], [29], [31], [40].
Therefore, it is possible to affirm that the SLM tech-
nology is reaching maturity, and work should begin on
standards for its approval.

The tensile and compressive response of 316L stain-
less steel processed by SLM showed a mechanical
response above its conventionally processed counter-
part [24]. The higher strength is attributed to the
microstructure. Within the molten pool, sub-grains
of less than one micron were found due to the high
thermal gradient resulting from the cyclic laser’s inter-
action with the metal powders.

Additive manufacturing has a number of advan-
tages in terms of design and flexibility. However, to
ensure its use in engineering applications, it is nec-
essary to further study its mechanical properties by
varying process parameters and scanning strategies.

Table 2. Mechanical properties of the AISI 316L stainless
steel additively manufactured.

Properties Value

Yield strength

(MPa) 512.32 + 7.84
Tensile strength

(MPa) 634.80 + 11.62
Elastic modulus

(GPa) 229.12 + 2.14
Compressive strength

(MPa) 1511.88 £+ 9.22
Elongation

%) 31.61 + 1.40

Microhardness

(HV) 206.24 + 11.96

4. Conclusions

In the present work, the tensile and compressive re-
sponse of laser-processed 316L stainless steel has been
evaluated. The main conclusions drawn are detailed
below:

e Proper selection of processing parameters is es-
sential to obtain parts with minimum porosity.
The higher the relative density, the higher the
mechanical properties, as the pores act as stress
concentrators, reducing the mechanical strength.
In this work, a relative density of 99.7 % was
obtained.

¢ Additive manufacturing offers the possibility to
control the microstructure and thus to customize
certain mechanical properties. For example, the
dimensions of the molten pool or the relative den-
sity. It is worth noting that the scanning strategy
and the specimen geometry affect the thermal
gradient and, thus, the resulting microstructure.
Further research on these parameters and their
effect on the mechanical properties is needed.

e Tensile and compression tests showed a ductile
performance of the material obtained additively.
In the case of the tensile test, the following re-
sults were obtained: a yield strength of 512.32
+ 7.84 MPa, an ultimate tensile strength of 635
MPa, and an elastic modulus of 229.12 + 2.14
GPa. In addition, the stress-strain curve shows
a ductile response of the material, which is as-
sociated with a high relative density and low
porosity.
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e A compressive strength of approximately 1511.88
+ 9.22 MPa was observed in the corresponding
tests. The significant difference between the ten-
sile and compression response could be attributed
to the presence of residual stress produced during
the manufacturing process and a strain harden-
ing mechanism caused by the deformation of the
sample and confirmed by the distortion observed
in the molten pools after the compression test
was performed.

e The microhardness test confirmed an increase
of approximately 23 % in the results obtained
after a specimen was subjected to a compression
test in contrast to the results of the specimens
as manufactured.
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