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A B S T R A C T

Additive manufacturing provides a unique possibility to manufacture parts with advanced design and thin-walled
structures. To explore thin-wall capacity, laser powder bed fusion was employed to fabricate 316 L samples with
different section thicknesses. A detailed microstructure characterization was then carried out, and tensile prop-
erties were assessed. It was found that reducing the part thickness did not affect the microstructure but did reduce
the tensile properties. Samples with 1 mm thickness exhibited the lowest yield strength of 457 � 11 MPa and
elongation to fracture of 49 � 20%, while the tensile properties improved when the sample thickness was
increased to 3 mm. The 3 mm thick samples generated tensile properties comparable to those of standard di-
mensions. The results emphasize that part thickness must be considered when assessing mechanical properties
and must be adjusted when performing design optimization and simulations of samples produced with laser
powder bed fusion.
1. Introduction

Additive manufacturing (AM) confers many advantages, including
increased production flexibility, product customization, reduced waste of
resources, and reduced lead times (Thomas, 2016; Sames et al., 2016;
Berman, 2012). Themost common AM process for fabricating metal parts
is laser-based powder bed fusion (L-PBF) (DebRoy et al., 2018). This
process offers a unique possibility to manufacture advanced product
designs and a novel way to create lightweight products like lattice
structures owing to its capabilities of allowing a high degree of freedom
in product design.

Stainless steel of type 316 L has been recognized as an important
engineering material in a wide range of applications because of its
adequate strength and high corrosion resistance. The microstructure of
the L-PBF-processed materials consists of large, elongated grains that
span over several melt pool boundaries. A fine cellular structure forms
inside the crystallographic grains (Wang et al., 2018a, 2018b; Zhong
et al., 2016). The cellular structure is associated with the segregation of
alloying elements such as Mo at cell boundaries and dislocation networks
(Zhong et al., 2016; Wang et al., 2018b). This unique microstructure
presents enhanced mechanical properties compared to parts produced
using conventional methods (Wang et al., 2018b), and as a result, the
ability to manufacture a fully dense part with excellent mechanical
).
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properties represents the current state of the art. Such parts are already
realized through available hardware and process parameters supplied by
numerous technology providers. Kurzynowski et al. (2018) highlighted
that the preferential orientation of 316 L stainless steel produced by
L-PBF is strongly impacted by laser power and the employed scanning
strategy, using a SLM Realizer II 250. Liverani et al. (2017) obtained on a
SISMA MYSINT100 system that laser power was the parameter with the
strongest influence on the obtained density and strength compared to
hatch distance and building orientation for 316 L stainless steel. Finally,
Li et al. (2018) showed that laser power, well-established as a major
parameter to achieve full density, does not have a significant influence on
tribological properties of 316 L stainless steel obtained by L-PBF using a
Renishaw AM400 machine.

It is clear based on the available research, that there is a need for
further knowledge regarding the effect of sample geometries on the
mechanical performance of AM-produced samples. Extensive research
has been conducted on the mechanical behavior of lattice structures
fabricated using L-PBF. However, most of these studies have focused on
the mechanical response of the whole lattice systems, consisting of
several topologically ordered unit cells of different designs. Indeed, the
strength of the lattice is strongly associated with the geometrical design;
the load capacity can also be limited by the mechanical properties of a
single strut. It is therefore crucial to understand the effect that reducing
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the part cross-section has on mechanical performance. Several studies
have investigated the generic effect of sample size on mechanical per-
formance for conventional materials of different kinds. For example, for
micro-shaped Cu, Yang and Lu (2013) showed that tensile strength,
ductility, and work hardening decrease if the ratio of specimen thickness
to average grain size is below a specific critical value. The authors
explained their findings by referring to the competition between dislo-
cation activities in grains in the center of the part compared to the grains
at the part surface.

Furthermore, Kohyama et al. demonstrated the sample size effect on
yield strength in the case of 316 L sheets (Kohyama et al., 1991). They
verified that below a certain critical thickness, the yield strength
decreased, and they pointed out that the relation between the sample
thickness and average grain size is a controlling factor. Namely, the yield
strength was reduced when the thickness-to-grain-size ratio became less
than six. Raulea et al. (2001) found that for pure aluminum sheets, the
critical thickness was well above the thickness-to-grain-size ratio of 20.
Strnadel et al. (Strnadel and Brumek, 2013) emphasized the role of
critical thickness further while also pointing out that the number of
grains in relation to the sample thickness changes the deformation
mechanism, which could influence the yield point. All the mentioned
materials have a face-centered cubic structure. It is therefore likely that
AM-fabricated 316 L parts also exhibit a size effect. However, only
limited studies have examined the size effect on AM-produced materials.

Furthermore, AM processing will induce differences in surface and
bulk microstructure. Part design may alter heat dissipation and thermal
condition, the solidification structure, and hence the resulting micro-
structure. Leicht et al. (2018), for example, analyzed grain morphology
and revealed that fine, randomly oriented grain structure was created
close to the surface of L-PBF-produced 316 L parts. Niendorf et al. (2014)
investigated the texture of cylindrical bars produced with different di-
ameters (5.0–0.65 mm) and demonstrated that the texture changed from
random to <001> preferential orientation with reduced diameter. Wang
et al. (2018a) showed a similar effect when reducing strut thicknesses
(5.0–0.25mm). They also presented a change in tensile properties but did
not consider the generic geometrical impact.

This study aims to explore the role of part thickness in determining
design capabilities when utilizing L-PBF. To achieve this, 316 L samples
of varying thicknesses were fabricated and evaluated, and their proper-
ties were compared with those of standard-dimensioned tensile test
samples. Another aim of the study is to provide evidence that sample
thickness must be considered when obtaining mechanical data for L-PBF-
processed material. To this end, results of the mechanical testing were
combined with dedicated microstructure analysis utilizing optical and
electron microscopy and including assessment of grain characteristics
using electron backscatter diffraction. The results are intended to provide
further evidence of the vital role of part design, as illustrated by the
function of sample thickness and the possible existence of a critical
thickness.

2. Materials and methods

Gas atomized 316 L stainless steel powder with a particle size range of
20–53 μm was provided by H€ogan€as AB as feedstock material. An EOS
M290 (EOS GmbH) machine was used to build the samples. This system
has a maximum nominal power of 400 W generated by a Yb-fiber laser
with a focus diameter of about 100 μm. The builds were carried out under
argon atmosphere with a residual oxygen content below 0.1% and con-
sisted of tensile test samples fabricated vertically along the build direc-
tion. The samples were produced with a layer thickness of 20 μmutilizing
standard process parameters (under the license 316L_SurfaceM291
version 1.10) designed to provide full density. These parameters have
been extensively optimized by the machine manufacturer and consist in a
sophisticated sequence of in-fill and contour scannings for the area to be
scanned and its edges, respectively, as well as up- and down-skin expo-
sures for the downward and upward facing surfaces, respectively. In
2

addition, a stripe exposure pattern is followed, which is rotated by 67�

between layers. Skywriting is also applied and is a rather well-established
technique on modern systems that compensate energy input variations
induced by the acceleration and deceleration of galvano mirrors along a
scan vector (Senthilkumaran et al., 2009). This is thus solved by having
the laser power off during this acceleration and deceleration lengths.

The tensile samples were made with two different nominal thick-
nesses, i.e. 1 mm and 3 mm, while the nominal width was fixed at 2.5
mm. The nominal measures of the samples are presented in Fig. 1a.
Supplementary samples were also fabricated with dimensions according
to ASTM E8/E8M-15a (termed standard bar), as shown in Fig. 1b. No
machining was applied to the samples, except for their removal from the
build plate. The cross-sections for metallographic examination were
prepared from the center of the tensile test bars (red area in Fig. 1a and
b). The microstructure was evaluated from the ZX-plane, as shown in
Fig. 1c. The samples were mounted and ground down about 1 mm for
thinner samples and 2 mm for the standard bar before a final polish to
ensure that enough of the surface was removed and that the character-
ization was conducted in the core. All samples were prepared following
Struers recommendations for metallographic preparation; namely, they
were ground using sandpaper with a load of 25 N and polished using a
0.25 μm colloidal silica suspension for 10 min. All samples were analyzed
and tested in the as-built condition.

Electro-chemical etching in oxalic acid (10 wt%) at 3 V was per-
formed on the polished cross-sections to reveal the microstructures. The
densities of the produced samples were determined by image analysis of
light optical images using the software ImageJ. Over 25 images from
several cross-sections and locations were obtained from each sample at a
magnification of 50x. Each image corresponds to an area of roughly 0.8
by 0.8 mm. Results show that all parts had a porosity under 0.03% �
0.01% regardless of part thickness. The pores were randomly distributed
and did not accumulate close to the surface. A scanning electron micro-
scope (Leo Gemini 1550 SEM) equipped with a field-emission gun was
used for high-resolution microstructure characterization. Grain orienta-
tions and textures were determined by the electron backscattered
diffraction (EBSD) technique using a Nordlys II detector (Oxford In-
struments) and HKL Channel 5 data processing software. All measure-
ments were performed with a step size of 1.5 μm and an acceleration
voltage of 20 kV. All acquired orientation maps were processed after the
acquisition, i.e. wild spikes were removed and minor noise reduction (7
nearest neighbors required) was applied. High angle grain boundaries
were defined by a misorientation larger than 10� and are illustrated by
black lines in the presented orientation maps.

X-ray diffraction (XRD) was employed to determine the phase dis-
tribution within the produced samples using a Bruker AXS D8 Advance
instrument within the 2θ range between 30� and 140�. The Cr Kα radi-
ation was used, with an acceleration voltage of 35 kV and a current of 40
mA. The PDF- Card 00-033-0397 was used for to identify the recorded
peaks.

Tensile testing was conducted at room temperature using an Instron
5500 R machine at a cross-head velocity of 0.025%/s. The strain was
obtained by using an extensometer with a maximum span of 10 mm
(approximately 35% elongation). The maximum distance of the exten-
someter was reached since the samples exhibited elongation beyond
35%. The test was therefore paused at 35%, and then continued until
fracture with load control. The reported yield strength (0.2% proof
stress), ultimate tensile strength, and elongation to fracture represent the
average of three individual samples. The elongation to fracture was
determined by measuring the gauge length before and after testing,
following the ASTM E8/E8M-15a procedure. The thickness of the bars
was measured using two different methods. The first method consisted of
measuring the thickness and width with a caliper, which represents the
standard procedure to assess sample dimensions when performing tensile
testing. The second method was to measure the thickness of the sample
cross-sections with light optical microscopy. The cross-section measures
were obtained by excluding the surface roughness zone to only include
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Fig. 1. Schematic drawing of (a) the tensile test bar with thickness t indicating the varying thickness (1.0 mm and 3.0 mm) and (b) the standard bar according to
ASTM E8/E8M-15a. The grey part shows the support structure. (c) The orientation of the bar and the different cross-sections with respect to the building direc-
tion (BD).
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bulk material. This method assumes that the thickness and width are the
same for all samples of the same nominal dimensions as they must be cut
and mounted. As seen in Fig. 2a, both methods result in thicknesses that
are greater than the nominal thickness from the CAD design. This dif-
ference was observed regardless of thickness and originates from the
elliptical-shaped melt pool and the subsequent contour scanning, which
is schematically illustrated in Fig. 2b. It can be specified that the linear
energy input of the applied contour scanning is slightly reduced
compared to that of the in-fill parameters. Furthermore, as can be seen
from Fig. 2a, using the standard method (caliper) generates a thickness
measure that is 0.16 mm larger than the nominal value, as both surface
roughness and the addition from the contour scanning are included in the
measure. The light optical microscope method, in contrast, adds
approximately 0.04 mm to the nominal measure. The light optical mi-
croscope approach is believed to provide the best representation of the
amount of load-bearing material. The cross-sectional areas used were
2.64 mm2, 7.72 mm2, and 29.03 mm2.

3. Results

3.1. Microstructure

Fig. 3 shows the microstructure obtained from the standard bar. As
can be seen from the lower-magnification image (Fig. 3a), the micro-
structure is characterized by the presence of melt pool boundaries
observed as half-circles. The laser scan direction is rotated after each
applied powder layer and therefore appears with different orientations.
The black arrows in Fig. 3 indicates a horizontal boundary, meaning that
Fig. 2. (a) Light optical image of a ZX cross-section of a 1 mm thick sample. The d
addition created by the contour scanning. The solid line represents the bulk thickne
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the scan direction was parallel to the investigated cross-section. The half-
circles in Fig. 3a (white arrow) are formed when the scan direction is
more perpendicular to the observed cross-section. Fig. 3b presents a
higher-magnification image showing the fine cellular structure, which
develops as a result of the significantly high cooling rate and micro-
segregation associated with the process (Wang et al., 2016, 2018b;
Saeidi et al., 2015). Indeed, segregation of elements, such as Cr and Mo,
occurs along the walls of the cellular structure (Prashanth and Eckert,
2017) and low angle grain boundaries (Wang et al., 2018b). The cells
grow along the local maximum temperature gradient (Wang et al., 2016),
which can deviate from the macroscopic temperature gradient. In Fig. 3b,
numerous cell orientations that pass across melt pool boundaries can be
observed. Hence, there is a chance that the actual solidification structure
will grow into the next melt pool.

In addition, XRD investigation of the produced 316 L stainless steel of
the standard bar and of the thin tensile specimens confirmed the presence
of only austenitic phase regardless of the sample design, see Fig. 4.
Indeed, it appears that only austenite peaks are present, at the same
positions, with similar intensity and width for the studied samples.

Fig. 5 shows the EBSD orientation maps of the cross-section of the
produced samples, representing the ZX cross-sections in Fig. 1c, obtained
in the center of the samples. The orientation maps and corresponding
inverse pole figures reveal a strong <101> texture for all samples. The
microstructure consists of large elongated grains that are aligned along
the building direction. However, some of the maps obtained from both
the 1 mm and the 3 mm samples did present slightly more random
texture, indicating that there are texture variations within a given sam-
ple. In addition, the EBSD orientation maps of the cross-sections suggest
ashed line represents the thickness, which includes both surface roughness and
ss of the sample. (b) Schematic overview of the contour scanning.
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Fig. 3. Cross-section of the standard bar showing (a) low magnification light optical image of the complex microstructure consisting of melt pool boundaries and (b) a
high magnification SEM micrograph showing cells with different directions growing across melt pool boundaries. Both cross-sections are obtained along the building
direction (ZX).

Fig. 4. XRD pattern of as-built 316 L stainless steel samples of standard, 3 mm
and 1 mm thicknesses.
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that the grain size is not significantly affected by the sample thickness,
however an accurate measurement is difficult considering the complex
3D shape of the grains.

High-magnification SEM investigations were conducted on all the as-
built samples at various locations. No obvious differences in cell orien-
tation, cell size, or shape were observed when comparing the samples
with different thicknesses as well as the standard test bars. Furthermore,
no apparent differences in cell orientation, size, or shape were observed
Fig. 5. EBSD orientation maps of cross-section samples (in building direction) from
samples. The inverse pole figure color code and the corresponding inverse pole figu
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when comparing different locations in the samples.

3.2. Mechanical properties

Fig. 6a and b displays representative tensile test curves together with
the tensile properties of the L-PBF fabricated samples. The 1 mm thick
samples have the lowest yield strength and hence are the weakest among
the tested samples. When sample thickness is increased to 3 mm, the
yield strength and, consequently, the ultimate tensile strength increases
significantly. It can also be observed from Fig. 6 that the 3 mm thick
samples achieve a mechanical performance comparable to that of the
fabricated standard test samples. It is likewise evident that the elongation
to fracture increases with the sample thickness and that the scatter is
reduced, as can be seen in Fig. 6b. The thinnest sample exhibits the
largest spread in elongation to fracture. This could be a result of the less
favorable distribution of defects, such as pores and inclusions. Despite
their lower strength, the 1 mm samples still comply with the ASTM
A240M-18 standard in terms of minimum yield strength (170 MPa) and
ultimate tensile strength (485 MPa) values for 316 L. For all the built
samples, the yield strength exceeds the requirement, while still main-
taining good ductility. The absence of the usual strength-ductility trade-
off for 316 L stainless steel built by L-PBF has been discussed elsewhere
(Wang et al., 2018b).

To verify the interpretation of the results, testing of samples with the
same dimensions as provided in Fig. 1a was performed on samples that
were cut out with a water jet from a 2.5 mm thick 316 L sheet. The tensile
test results are presented in Fig. 6c and d. As can be seen, a lower scatter
is obtained but with the same trend: 1 mm thick samples presented lower
yield strength, ultimate tensile strength values, and elongation to fracture
compared to 3 mm thick samples.

The relatively large ductility measured for all the samples is also
the center of (a) the standard bar, (b) 1 mm thick samples, and (c) 3 mm thick
res are provided.

astm:A240M


Fig. 6. (a) Engineering stress/strain curves and (b) the average strength and ductility generated from the three different samples produced with L-PBF. (c) Engineering
stress/strain curves and (d) the average strength and ductility generated from the three different samples obtained from a metal sheet.
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reflected in the appearance of the fracture surfaces; see Fig. 7. Both the 1
mm and the 3 mm specimens are characterized by micron-sized dimples
upon failure. Furthermore, evenly distributed spherical oxide inclusions
(up to tens of micrometers in diameter) were identified on all fracture
surfaces. As shown in Fig. 8, EDX analyses revealed that the oxide par-
ticles were rich in Cr, Mn, and Si. As highlighted by Pauzon et al. (2019),
they are likely to be thermodynamically stable spinel oxides. The fracture
surfaces of samples revealed more cracks and micro-cracks on the 1 mm
sample than on the 3 mm sample. This is likely to be attributed to the
more significant number of crack initiation points that originate from the
surface and are able to propagate and coalesce across the cross-section of
the thin specimen. Still, overall, and regardless of the sample thickness,
the characteristic failure mechanism observed is transgranular ductile
fracture.
Fig. 7. Micrographs of the fracture surfaces of a (a
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4. Discussion

4.1. Microstructure

The preferential growth direction for a face-centered cubic crystal
structure is <001>, and several studies have indeed reported strong
<001> texture for parts produced with L-PBF (Niendorf et al., 2013; Sun
et al., 2018a, 2018b). Many other studies have demonstrated both a
strong <101> crystallographic orientation and a more random texture
(Wang et al., 2018a; Leicht et al., 2018; Yin et al., 2019; Im et al., 2019).
Sun et al. (2019) revealed that the melt pool shape is an essential aspect
of texture development in additivemanufacturing. It has also been shown
that both the size and the shape of the melt pool are strongly affected by
the process parameters (Manvatkar et al., 2015; Andreau et al., 2019).
Thus, the difference in texture between studies is generated by the
) 1 mm thick sample, (b) 3 mm thick sample.



Fig. 8. Spherical oxide inclusion observed on the fracture surface with corre-
sponding chemical composition as obtained by EDX.
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different processing parameters, and one cannot take for granted that
there is a specific preferential crystallographic orientation during L-PBF.
Nevertheless, despite the different processes, Wang et al. (2018a) and
Niendorf et al. (2014) showed that when the part thickness is reduced
below 1 mm, a stronger <001> texture is created. It would be inter-
esting, therefore, to fabricate the samples provided in this study below 1
mm. However, this was not possible for the applied specimen design
since 1 mm was the smallest thickness allowed by the process stability
(the build failed below 1 mm because of a too large sample aspect ratio).

4.2. Mechanical properties

The tensile testing demonstrated that both tensile strength and
ductility (with lower spread) improved with increased sample thickness.
The increased elongation to fracture with increased sample thickness can
be expected from pure geometrical considerations since a higher slimness
ratio (original length over square root of the cross-sectional area) usually
accompanies reduced elongation to fracture (ASM International, 2000).
The larger spread in elongation to fracture for the thinnest samples could
be a result of the less favorable distribution of defects such as pores and
inclusions in connection to the surface-to-volume ratio of the specimen.
Even though the volume defect density is small and most probably un-
changed, the deformation will be localized earlier when the amount of
load-bearing material is reduced. There will still be a higher likelihood
for voids to connect, especially considering the connection to surface
defects upon deformation. In other words, for thinner samples, voids/-
defects will have a shorter distance to the part surface. When a defect
grows and eventually reaches a surface defect, failure can occur earlier in
the plastic regime.

The surface roughness should not significantly influence the tensile
strength even if the samples thickness is reduced (Suh et al., 2010) but it
should rather affect the ductility (Scott-Emuakpor et al., 2017). There-
fore, the observed reduction in ductility for the 1 mm thick samples
might partly be explained by the surface roughness together with the
slimness ratio effect. As the total surface area to bulk ratio is increasing
when the sample thickness is reduced, the effect of the surface might,
therefore, become more significant.

It can be assumed that the nominal thickness of 1 mm represents a
condition below a certain critical thickness, while the 3 mm thick sample
does not. To depict a specific thickness/grain size ratio for L-PBF is,
however, very challenging. The constant movement of the heat source
generates grains that are twisted and curved, and the observed grains
exhibit a considerable size spread within the same cross-section. This
means that the size spread is much larger than the average grain size, as
shown in Fig. 5. However, as mentioned, no significant differences in
microstructure (cell size, texture, grain orientation, etc.) were observed
6

between the samples with 1 mm and 3 mm nominal thicknesses. Thus, it
seems that the size effect is not related to differences in the
microstructure.

Therefore, the difference in mechanical properties concerning sample
thickness can be explained by the size effect, which is a generic factor.
Consequently, when designing AM-fabricated parts, it is essential to
consider that mechanical properties of thin sections will deviate from
those expected from bulk material properties. It can be expected that
there is a critical section thickness below which mechanical properties
are less prominent. In the case of bulk samples, a polycrystalline material
exhibits a large number of grains that are randomly and evenly distrib-
uted. This creates an isotropic deformation behavior. However, when the
part thickness is reduced, then fewer grains will take the load, the
properties will be differently randomized, and fewer grains will be
involved in the overall deformation, such that an inhomogeneous
deformation is present (Chan and Fu, 2011). It should be pointed out that
the extensive L-PBF literature offers strategies to control the micro-
structure, and more particularly the grain size, by tuning the laser pa-
rameters. It could therefore be of interest to investigate the use of
increased laser scanning speed for sample below a critical thickness e.g.
1 mm, to mitigate the size effect. Still, such an adjustment would also
have an impact onmaterials strength, density and defect distribution. It is
also worth pointing out that increasing the gauge length (which in this
study is relativity large compared to other studies examining size effects)
increases the probability of the weakest link.

Furthermore, as the part thickness is reduced, the effect of the surface
grains increases (known as surface layer model). The surface grain effect
has been explained by, for example, Hug and Keller (2010), who show
that the dislocation cells close to the surface are different compared to
those inside the part. Grains close to the surface are also less constrained
than grains inside the part, which reduces the tensile properties (Hug and
Keller, 2010; Miyazaki et al., 1979; Fu and Chan, 2014). As presented by
Yang and Lu (2013), the near-surface microstructure, in relation to the
internal microstructure, is an essential parameter for the plastic regime.
Plastic deformation is always heterogeneous, even for a single-phase
material. There will always be locations in a sample that will start to
strain before the whole sample does; for example, surface grains do not
need to accommodate in the same manner as internal grains, and hence,
with increasing surface-to-volume ratio, there is a chance that the
yielding will take place more quickly and the overall straining to fracture
will be less, as illustrated in this study.

5. Summary and conclusions

The present work highlights the effects of section thickness on the
microstructure development and tensile strength of 316 L stainless steel
parts produced by L-PBF. The results indicate that fabricating tensile
samples with standard dimensions as well as thinner samples using
standard process parameters generates a preferential <101> crystallo-
graphic orientation along the build direction. The processing resulted in
fully dense samples in all cases and mechanical properties that were
above the specifications for 316 L stainless steel. Still, the presented
tensile test data suggest that reduced part thickness causes a reduction of
strength and elongation, even though the measured properties are better
than what is required by conventional 316 L. The 3 mm thick samples
generated tensile properties comparable to those of standard-dimension
samples. The size effect given by specimen thickness in relation to
microstructure characteristics like grain size and cell structure is believed
to be a governing factor. As a result, there is a reduction in yield strength
and consequently lower ultimate tensile strength. Because of the slimness
effect, the average elongation to fracture becomes smaller, while the
spread increases, possibly related to the distribution of defects. The
fracture surfaces for all samples were characterized by micron-sized
dimples, with evenly distributed oxides rich in Cr, Mn, and Si. The 1
mm thick samples were characterized with a rougher fracture surface and
a higher number of crack nucleation sites compared to the 3 mm sample.
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Based on fractography, it was thus assumed that the cracks preferentially
initiated from the rough surfaces of the produced parts.

The results emphasize that part thickness must be considered when
assessing mechanical response as well as when performing design opti-
mization and simulations, especially for thin-walled structures. In other
words, tensile properties from standard tensile test bars might not be
useful when estimating properties of thin wall sections and lattice
structures.
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