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Additive manufacturing (AM) is able to generate parts of a quality comparable to those produced through
conventional manufacturing, but most of the AM processes are associated with low build speeds, which
reduce the overall productivity. This paper evaluates how increasing the powder layer thickness from
20 pm to 80 pm affects the build speed, microstructure and mechanical properties of stainless steel 316L
parts that are produced using laser powder bed fusion. A detailed microstructure characterization was
performed using scanning electron microscopy, electron backscatter diffraction, and x-ray powder
diffraction in conjunction with tensile testing. The results suggest that parts can be fabricated four times
faster with tensile strengths comparable to those obtained using standard process parameters. In either
case, nominal relative density of > 99.9% is obtained but with the 80 pm layer thickness presenting some
lack of fusion defects, which resulted in a reduced elongation to fracture. Still, acceptable yield strength and
ultimate tensile strength values of 464 MPa and 605 MPa were obtained, and the average elongation to

fracture was 44%, indicating that desirable properties can be achieved.

Keywords additive manufacturing, EBSD, laser powder bed

fusion, productivity, stainless steel, tensile properties

1. Introduction

Laser powder bed fusion (L-PBF) is a manufacturing
process used for producing metal components by repeatedly
applying thin layers of powder and selectively melting them on
top of one another using a high-energy laser to create the final
geometry (Ref 1). This process allows for the fabrication of
complex near-net-shape parts with high accuracy and good
quality. With proper handling, it is possible to produce almost
fully dense components with properties that are comparable to
those from conventional methods or, in some cases, even better
(Ref 2). Different sectors, such as aerospace, energy, medical,
marine engineering, and automotive, have found L-PBF to be
an appealing option given its design freedom and improved
mechanical properties. However, one main challenge with L-
PBF is the relatively low productivity related to a low build
speed and consequently a high manufacturing cost. Therefore,
L-PBF is used primarily for high-end components, most often
within the aerospace or medical industry, in which the
production volumes are relatively small, and high costs are
acceptable (Ref 3-5).

Most of the research and development on the L-PBF
processing of stainless steel 316L has so far focused on
adjusting the process parameters to increase part quality, which
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means optimizing certain areas, such as mechanical properties,
relative density, and surface roughness. For example, Greco
et al. (Ref 6) revealed that similar densities can be achieved
with different volumetric energy densities as long as the laser
penetration depth is sufficiently high. Liu et al. (Ref 7) revealed
that using an increased scan speed changed the microstructure,
namely the size of the cells inside the larger elongated grains.
Sun et al. (Ref 8), on the other hand, maintained the volumetric
energy density at a constant 104 J/mm?® but alternated the scan
speed, hatch distance, and power and showed differences in
microstructure and tensile properties. Furthermore, Leicht et al.
(Ref 9) showed that increasing the hatch distance and scan
speed can excessively increase the number of defects. In a
study by Liverani et al. (Ref 10), it was demonstrated that the
density decreases when the laser power is too low. However,
Leicht et al. and Liverani et al. did not observe large variations
in tensile strength. Meanwhile, the work by Tsopanos et al. (Ref
11) demonstrated the effect of laser power and laser exposure
time on the porosity of lattice structures. Based on the previous
research, it is clear that the process parameters strongly affect
the microstructure, defect formation, and tensile properties.
However, little attention has been given to increasing the
build speed by alternating the process parameters. As empha-
sized by Babu et al. (Ref 12), the process must be further
developed for high productivity, especially for low-cost mate-
rials. Leicht et al. (Ref 9) and Sun et al. (Ref 13) both noted that
the build speed can easily be improved by increasing the scan
speed and hatch distance, while good mechanical properties can
still be maintained. Several other studies have emphasized that
increasing the layer thickness can be suitable for increasing the
productivity. Wang et al. (Ref 14) revealed that fully dense
316L components with good tensile properties can be made
with layer thicknesses of 150 pm; however, no information on
the microstructure was provided in their study. Shi et al. (Ref
15) fabricated fully dense Ti-6Al-4V parts with 200 um layer
thicknesses. Along similar lines, Ma et al. (Ref 16) fabricated
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fully dense 1Cr18Ni9Ti stainless steel samples and found that
by varying the layer thickness between 60 and 150 um, they
can establish a threshold value of approximately 80 um layer
thickness, above which decreased tensile strength was ob-
served. Increasing the layer thickness could easily reduce the
production time, which in turn considerably reduces the cost of
production. The downside is that increasing the layer thickness
might reduce the part quality, which could result in undesirable
traits, such as reduced accuracy, increased surface roughness, or
lower relative density (Ref 17-20). Nevertheless, certain
components are not limited by having somewhat lower
performance in these aspects; in fact, each application has its
own requirements, and for certain applications, it is not
necessary to have full density or very good surfaces. For
example, components that require post-treatments such as
machining will have limited surface requirements. Parts that are
exposed to low and especially static loads (e.g., components for
the consumer market and chemical industry) are not signifi-
cantly affected by reduced density. In fact, the automotive
industry utilizes a large volume of powder metallurgy parts,
characterized by the density level between 90 and 95% (Ref
21), indicating that AM processing with a high build speed and
hence lower costs can be attractive for low-scale manufacturing
and spare parts for automotive industry.

To use a higher layer thickness in an optimum way,
acceptable levels of controllable defects must be guaranteed to
ensure the integrity of the end product and its required
properties. The aim of this study is to provide a detailed
microstructure characterization and a mechanical properties
analysis for samples produced with 20 pm and 80 um layer
thicknesses, respectively. In particular, this study demonstrates
how the build rate can be increased by a factor of four. To date,
no pre-developed process parameters exist for the 80 pm layer
thickness, and thus an optimization of process parameters was
conducted prior to the final evaluation of the material-process-
properties relationship.

2. Method

Gas-atomized stainless steel 316L powder with a size
distribution of 20-53 pum was used as a feedstock material; the
chemical composition of the powder is provided in Table 1 and
is within the required specification from the machine provider.
Samples used in this study were produced using an EOS M290
system flushed with high-purity argon gas to retain the oxygen
content in the build chamber at below 0.1%. The machine is
equipped with a Yb-fiber laser with a maximum nominal power
of 400 W and laser spot diameter of approximately 100 um.
The samples were produced using a stripe-scanning strategy, in
which a 67° scan rotation was performed after each layer.

The system was equipped with powder bed and optical
tomography monitoring systems, provided by EOS GmbH. The
optical tomography (OT) system is based on an sCMOS

Table 1 Chemical composition of the powder

(scientific complementary metal-oxide semiconductor) high-
speed camera that observes the entire building platform at all
times. The acquired data from the OT system represents the
integral of process radiation from the building platform over a
certain time. This system allows for analyzing the homogeneity
and stability of the building process.

To determine the process window for manufacturing
stainless steel 316L with an 80 pum layer thickness, 41 cubes
were manufactured using the process parameters provided in
Table 2. The samples were sorted based on the volumetric
energy density (VED), defined by VED = —L— (in J/mm’) with
power P (W), scan speed v (mm/s), hatch distance h (mm), and
layer thickness t (mm). The VED ranged from 19 J/mm® to
77 J/mm’. Five different process parameter sets were selected
(see “Productivity and Sample Selection” section) based on the
porosity, productivity, and stability of the process. These
process parameters were used to fabricate 10 tensile bars for
each set. The set of process parameters that lead to the best
tensile properties and productivity was selected for a more
extensive characterization; these parameters are presented in
Table 3. Figure 1 presents the drawing of the samples that were
fabricated to their near-net-shape according to the ASTM E8/
E8M — 16a standard. Additional samples were fabricated
using standard process parameters for a 20 pm layer thickness
developed by EOS GmbH for stainless steel 316L (version
1.10). All the tensile test bars were built vertically along the
building orientation, as presented in Fig. 1. The samples were
removed from the build plate using a band saw and were
characterized in an as-built condition.

The microstructure was examined from a vertical section at
the center of the tensile test bars. Samples for metallography
were prepared through grinding using SiC paper and following
the recommendation for stainless steel as provided by Struers.
The cross section was polished using an MD-Mol polishing
disk with a 3-um suspension and an MD-Chem with OP-S as
the final step. The porosity was measured on the as-polished
samples and then analyzed by a thresholding procedure using
ImagelJ. Images were taken from the entire surface of several
different cross sections—both parallel and perpendicular to the
building direction. In total, 10 images at a magnification of
200 x were obtained from each cross-section and then ana-
lyzed by a thresholding procedure using Imagel. A light optical
microscope (ZEISS Axioscope 7) was used in combination
with a FEG-SEM (Leo Gemini 1550) to evaluate the porosity
and microstructure at various magnifications. The average cell

Table 2 Process parameter variations used for

determining the process window

Laser power 220-370 W
Scan speed 800-2100 mm/s
Hatch distance 0.09-0.12 mm

Stripe width 5 and 10 mm

Element Fe C Cr Mn Mo

N Ni (0] P S Si

wt.% Bal. 0.009 17.4 1.6 2.7

0.06 13.4 0.04 0.006 0.005 0.3
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Table 3 Selected process parameters for further characterization

Power Layer thickness

Scan speed

Hatch distance Stripe width

295 W 0.08 mm

800 mm/s

0.12 mm 10 mm

Building Direction
Fig. 1 Schematic overview of sample dimensions and built

orientations

Table 4 Predicted build speed for the different layer
thicknesses

No. of part Layer thickness, pm Build speed, cm*/h
250 20 5.4

80 232
16 20 3.6

80 14.4

size was determined by following the line intercept procedure
provided in ASTM E112-13. The sizes were measured by
counting more than 1000 intercepts from 10 random SEM
micrographs from each condition. An electron backscattered
diffraction analysis (Nordlys II detector) was conducted using a
20-kV acceleration voltage and a step size of 1.5 pm to evaluate
the grain morphology and crystallographic orientation. High
angle grain boundaries were defined by having a minimum of
10° misorientation. The orientation maps were acquired and
processed using the Channel 5 software. The x-ray diffraction
(XRD) patterns were obtained using CrKo radiation in a Bruker
AXS D8 Advance over a 20 range between 30° and 140°. The
ICDD-card 00-033-0397 was used to identify the peaks.

Tensile tests were conducted using an Instron S500R tensile
testing machine, the test was performed using strain control
with a crosshead velocity of 0.025%/s. The strain was measured
using a clip-on extensometer with a span of 10 mm; the limited
span corresponds to approximately 30% elongation. When the
full distance of the extensometer was reached, the tensile test
was paused, and the test was continued until fracture with load
control. For this reason, stress—strain curves can only be shown
at a point up to 30% elongation. It should be noted that the
ultimate tensile strength can still be acquired.
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3. Results and Discussion

3.1 Productivity and Sample Selection

The productivity of L-PBF is often limited by the time
needed to melt and solidify the material. Therefore, the
productivity—in other words, the building speed—was evalu-
ated as the volume of material that the process can melt per
time unit, which in this case is cm®/h. The building speed was
estimated by preparing two different build jobs with 10x10x10
mm cubes using EOS print 2.5. EOS print is a commercial
software used to prepare the build jobs files and allows for the
build time of a job to be simulated from the point when the
operator starts the machine. By comparing the software’s
estimation to the actual build time for more than 10 different
builds, only a minor difference (i.e., 2-3%) between the
simulated and actual times can be noted. The difference could
originate in various factors, such as uncertainties in the
software, estimations of recoating time, or the switch speed
between scanned areas. The first build job was simulated with
250 cubes and the second with 16 cubes; both jobs were
simulated using the process parameters provided in Table 3,
and the results from the simulations are summarized in Table 4.
The simulation results indicate that increasing the layer
thickness from 20 pm to 80 um could reduce the building
time to one-fourth of the original duration. It is worth noting
that standard EOS process parameters use a layer thickness of
20 pum, whereas there are available process parameters by other
suppliers and published in the literature that have a larger layer
thickness (e.g., 30 or 40 pum), indicating a lower build time
reduction. In addition, the results reveal that increasing the
build plate utilization (i.e., the number of parts on the build
plate) increases the building speed. The reason the building
speed is different depending on plate utilization is that the time
for recoating a powder layer and lowering the build plate is
constant regardless of the number of parts used for the setup. It
should be noted that the build speed per layer is not influenced
by the build height so long as the melting area is the same.
Furthermore, each process parameter set used for finding the
process window was simulated. The simulation reveals that
there should be no specific trend between the VED and the
build speed, as indicated by the red line in Fig. 2.

To determine the process window, 41 cubes were manufac-
tured using the approach outlined in the method section; the
porosity of each sample was evaluated, and the results are
presented in Fig. 3. The graph shows that VEDs greater than
30 J/mm® generated a porosity content below 0.5%, and using
the minimum porosity as a criterion, the optimum process
window appears to be between 37 J/mm? and 65 J/mm’. More
than 15 of the process parameter sets generated a porosity level
below 0.1%. Two factors were used to decide between these
samples, namely the build speed and the process stability. The
process stability was evaluated using the monitoring systems
available on the machine. From the OT analysis, the standard
deviation of the grey values (i.e., melt pool intensities) was
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Fig. 3 Porosity versus volumetric energy density

extracted for each cube and layer. A low standard deviation
indicates that the intensities throughout the sample tend to be
close to the mean, while a high standard deviation indicates a
wider spread of intensities within the specimen and hence a less
stable process. The average standard deviation for all layers
was calculated for each sample and is represented in Fig. 2
along with a simulated build speed (simulated with 250 cubes
of size 10 x 10 x 10 mm) for the 15 samples that reveal a
porosity level below 0.1%.

It appears that the standard deviation of the grey values
increases globally with an increasing VED. This observation
along with the process monitoring data indicates that the
process becomes unstable for a VED greater than 50 J/mm’. A
high VED may result in keyhole mode melting which leads to
the formation of defects and a less robust process (Ref 22). Five
parameter sets were selected with a low grey value standard
deviation and a high build speed; the results below are
presented only for the parameter set that exhibited the best
tensile properties. The selected parameters resulted in an energy
density of 38 J/mm® and the highest build rate among the 15
samples. Each further characterization was conducted on the

Fig. 4 Light optical images showing the morphology of the
observed defects on (a) samples produced with a 20 pm layer
thickness and (b) samples produced with an 80 pm layer thickness

samples that were manufactured with this parameter set (see
Table 3).

3.2 Defects

Figure 4 provides two representative low-magnification
light optical images of the two layer thicknesses. The samples
produced with a 20 um layer thickness possess few defects.
The observed defects were gas porosities less than 5 um in
diameter, indicated by the arrows in Fig. 4a; no cracks or lack
of fusion was observed in the samples produced with a layer
thickness of 20 pm. For the samples produced with an 80 um
layer thickness, more frequent and larger defects were
observed, as presented in Fig. 4b. At a higher magnification,
large defects and unmelted metal particles were observed in
conjunction with gas-induced porosity. Gas porosity is com-
monly created by entrapped gas from the feedstock powder or
from the entrapped gas in the bottom of the melt pools during
the melting and solidification (Ref 16). Furthermore, several
line-type defects with lengths from around 25 to 50 um were
observed, as indicated by an arrow in Fig. 4b. These defects
were randomly distributed throughout the sample. Inside such a
defect, traces of metal powder particles could be observed, and
the defect seemed to orient along the melt pool boundary. The
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defect can most likely be attributed to a lack of fusion created
by insufficient melting. The presence of such defects introduces
stress concentration sites which can be detrimental in the case
of dynamic loading. Nonetheless, the sample produced with an
80 um layer thickness reached a density of approximately
99.9% based on the image analysis. Hence, even if the higher
layer thickness leads to some flat lack of fusion defects, they are
not abundant enough to affect the density value.

3.3 Microstructure

Figure 5 reveals that the produced samples are characterized
by parabolic shaped melt pools, columnar grains, and a fine
cellular structure. The images are presented in two orienta-
tions—namely normal and parallel—with respect to the
building direction. Determining the exact size of the melt pool
requires a more comprehensive study. However, as observable
in Fig. 5a and d, a substantial enlargement in melt pool size is
observed in the sample produced with an 80 um layer
thickness. Both the shape and size of the melt pools are
determined by the process parameters, namely the laser power,
scan speed, hatch distance, and layer thickness (Ref 23-29).
The increased melt pool size is consequently formed by the
differences in process parameters.

As presented in Fig. 5S¢ and f, both the samples produced
with 20 um and 80 pm layer thickness present a fine cellular
structure, with average cell sizes of 0.48 &+ 0.10 pm and
0.69 £ 0.21 um, respectively. The cell size is affected by the
solidification conditions (thermal gradient, cooling rate, and
solidification front velocity), which are determined by the
process parameters and component geometry. Faster solidifica-
tion indicates finer cellular/dendritic structure. The increase in
the cell size of the sample produced with 80 pm layer thickness
is a consequence of the slower solidification within the larger
melt pools.

Figure 6 displays EBSD orientation maps for the samples
produced with different layer thicknesses; these maps were

acquired parallel to the building direction. As seen in Fig. 6a,
the microstructure of the sample produced with 20 pm layer
thickness is characterized by large elongated grains aligned
with the building direction. Many of the grains are extended
beyond the layer thickness and span over several melt pool
boundaries; hence, epitaxial grain growth has occurred. Fur-
thermore, a strong preference in the < 101 > direction is
observed. The samples with 80 um layer thickness exhibited
more random crystallographic orientation with smaller and less
elongated grains, as displayed in Fig. 6b. It appears that the
increased layer thickness and lower energy density limit the
growth and preferential orientation. When using the lower
energy density, fewer layers are re-melted, which reduces the
epitaxial growth. In Fig. 6b, the grains appear as half-circular,
with an appearance similar to that of the melt pools, indicating
that the grains nucleate from the melt pool boundaries instead
of grow in an epitaxial manner. Furthermore, the reduced
energy density indicates that the time the materials remain at an
elevated temperature is decreased, which appears to result in a
smaller grain size.

As explained by Sun et al. (Ref 28), the melt pool shape and
size represent an essential aspect of texture development in L-
PBF. At the bottom of the melt pools, the cells grow parallel to
the build direction, and as the melt pool boundary becomes
steeper, the texture begins to deviate from < 001 > (i.e.,
becomes more random). At a certain point, the angle between
the normal and building direction is approximately 45°,
indicating that a predominant < 101 > texture is formed.
The differences in the preferential crystallographic orientation
observed in this study can thus be related to the changes in melt
pool size together with reduced epitaxial growth, since few
layers have been re-melted.

It has previously been demonstrated that dislocation density
is important for the properties of 316L produced by L-PBF (Ref
2), and hence, Kernel average misorientation (KAM) maps
were developed from the EBSD measurements (see Fig. 7).

Fig. 5 SEM micrographs of the microstructure along and normal to the building direction of the samples produced with a layer thickness of
20 pm (a-c) and 80 um (b-f). Two melt pools are marked in (a) and (c) to emphasize the enlarged size for the sample produced with 80 pm

layer thickness

Journal of Materials Engineering and Performance
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Fig. 6 EBSD orientation maps in IPF coloring and parallel to the
building direction of samples produced with (a) 20 pm layer
thickness and (b) 80 pm layer thickness

The KAM maps express the local misorientation in the sample,
which can be seen in the color coding of the figure; this
misorientation can then be used as an indication of a higher
strain. The local misorientation range is set to be between 0 and
2°. Likewise, higher strains can be used as a qualitative
measure for a high dislocation density (Ref 30). Molybdenum
is known to segregate to the cell boundary. As the molybdenum
atom is larger than the iron atom, a local stress/strain field is
generated at the cell boundary, which might affect the strain
measurement but also nominally increase the number of
dislocations (Ref 2, 31). As seen in Fig. 7a, the samples

Fig. 7 Kermel average misorientation maps of samples produced
with (a) 20 pm layer thickness and (b) 80 pum layer thickness

produced with 20 pm layer thickness reveal more local
misorientation compared with the samples produced with
80 um layer thickness (Fig. 7b). The results obtained from
the KAM maps were affected by the step size, beam size, and
the location where the map was obtained; therefore, XRD
studies were conducted as a complement. Figure 8 presents the
samples with three detectable diffraction peaks, namely {111},
{200}, and {220}, which is characteristic for the austenite
phase (no other phases were observed). To evaluate the
dislocation density, new scans were performed with a smaller
step size (0.001°) and conducted over each specific peak. The
dislocation density was then derived by following the proce-
dure demonstrated by Yin et al. (Ref 32): using p = k% b2’ where
€ is the full width at half maximum broadening (obtained by
linear fit), b is the Burgers vector and k = 16.1. The dislocation
densities for the samples produced with 20 pm and 80 pm layer
thickness were thereby estimated to be 1.9%10'* m~? and
7.2%¥10" m~2, respectively. This confirms the results obtained
from the KAM maps (i.e., that samples produced with 20 um
layer thickness have a higher density of dislocations than
samples produced with 80 pm layer thickness).

3.4 Mechanical properties

The tensile properties of the produced samples are presented
in Fig. 9 and Table 5. Both samples exhibit approximately the
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same ultimate tensile strength (UTS), but the yield strength
(YS) and elongation to fracture (ductility) are about 15% and
30%, respectively, and lower for the sample produced with
80 pm layer thickness. Still, the sample produced with 80 pm
layer thickness exceeds the requirements for 316L, according to
ASTM A240M-18 (see Table 5).

The high yield strength of 316L samples produced with L-
PBF is explained by several microstructure features. For
example, the dislocation movement can be hindered by grain

—— 20 um layer thickness

(111) —— 80 um layer thickness

(200) (220)

Intensity [a.u]

1
26(°)

Fig. 8 The XRD patterns obtained from the as-built surface of the
produced samples, indicating a fully austenitic sample in both cases

700
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400+

300

200

100+ — 80 um layer thickness
—— 20 um layer thickness

O T T ‘I l T T
0 5 10 15 20 25 30

Tensile strain (%)

Tensile stress (MPa)

Fig. 9 Tensile properties of the samples produced with 20 pm and
80 pm layer thickness

boundaries (Ref 33), other dislocations (Ref 33, 34), cells (Ref
35, 36), and element segregation (Ref 36). It appears that the
cells are considered to be the most significant feature for the
tensile properties, as they contain both dislocations and
segregated elements, effectively hindering the dislocation
movement (Ref 2, 33, 36). The smaller cell size and higher
dislocation density in the samples built with 20 pm layer
thickness are expected to provide a yield strength increase
relative to that for the sample with 80 pm layer thickness due to
the increased interaction of dislocation pile-up in the cell
boundaries. This was also reported by Wang et al. (Ref 37) and
Wang et al. (Ref 2), who presented a linear dependency
between decreasing cell size and increased tensile properties,
consistent with the results presented in this study.

Apart from differences in yield strength, a slight difference
in the strain-hardening rate between the samples was noted (see
the black curve in Fig. 9). This could also be understood by the
decreased cell size and increased dislocation density. Initially
having a higher dislocation density in the unloaded stage means
that the samples will be saturated with new dislocations more
quickly, which prevents new dislocations from nucleating. The
resistance to forming new dislocations reduces the strain
hardening rate; however, as shown in both samples, strain
hardening continues even at higher deformation but at a
supposedly very low rate. This behavior was described by
Wang et al. (Ref 2) and is associated with deformation by
twinning and a cell—cell interaction. Wang et al. demonstrated
that dislocations pile-up in the cell boundaries promoted
deformation by twinning, which helped to sustain a steady
strain hardening. This steady strain hardening then improves
the ductility by allowing dislocations to move in the twin
boundaries, which retards necking. In addition, Sun et al. (Ref
8) and Sinha et al. (Ref 38) demonstrated that < 101 > ori-
ented grains are more favorable for twinning. It is assumed that
the sample built with 20 um layer thickness will deform by
twinning to the greatest extent, as the sample exhibits a smaller
cell size, higher dislocation density, and
stronger < 101 > texture. The observed higher yield strength
and ductility is thereby supposed to be explained by increased
twinning and decreased cell size.

However, the reduction in ductility is also associated with
the previously observed lack of fusion defects (Fig. 4b).
Figure 10 presents the fracture surface of the samples produced
with both layer thicknesses. In both cases, a transgranular
ductile fracture is the characteristic failure mechanism, with the
presence of fine and deep dimples, representative of high-
ductility samples. Occasionally, larger dimples with the pres-
ence of secondary phases were observed in both samples.
Camille et al. (Ref 39) demonstrated via energy-dispersive x-
ray spectroscopy, that these secondary phases were oxides rich
in Cr, Mn, and Si. These samples were produced with the same
powder feedstock and in the same machine used in this study.

Table 5 Average tensile properties for the produced samples and strength requirements from the ASTM A240M-18

standard

Layer thickness (nm) Yield strength

Ultimate tensile strength Elongation at fracture

20 539 £ 3.6
80 464 £ 7.2
ASTM A240M-18 170

606 £ 3.5 61 +£3.2
605 £ 3.4 44 £+ 0.6
485 40
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Fig. 10 SEM micrographs of the fracture surface of the sample produced with 20 pm layer thickness (a) and 80 um layer thickness (b). (b)

clearly indicates presence of the lack of fusion defects

Furthermore, the fracture surface analysis clearly demonstrates
the reason for the observed difference in elongation between
the samples. Figure 10b presents a representative feature found
on the fracture surface of the sample produced at 80 um layer
thickness: the presence of large areas (up to 50 um in size),
with clear decohesion between the adjacent layers.

The decohesion facets are orientated in the plane of the
fracture surface and thus lack of fusion defects (since the
samples was built vertically). The observed decohesion facets
and the flat narrow cavities/porosity explain the absence of
cohesion between the layers. These sites will act as internal
crack initiation points and sites for preferable crack propaga-
tion, resulting in a reduced ductility for the sample built with
the increased layer thickness.

4. Conclusions

This study demonstrated how to improve the productivity of
laser powder bed fusion of stainless steel 316L austenitic
stainless steel without significantly compromising the density,
microstructure, or mechanical properties. Through a process
window development involving the application of on-line
process monitoring, a process window for increased produc-
tivity was found by increasing the layer thickness from 20 pm
to 80 um. The obtained results clearly indicate that the build
time can be shortened by a factor of four, resulting in a
corresponding increase in productivity. Both layer thicknesses
achieved a density greater than 99.9%, but lack of fusion
defects in samples produced with an 80 pum layer thickness was
noticed. The samples produced with 20 pm layer thickness
exhibited a predominant < 101 > orientation of the large
elongated grains, while the microstructure of the samples
produced with 80 pum layer thickness had a random texture with

fewer elongated grains. The increased layer thickness decreased
the YS from about 540 MPa to about 460 MPa and was
associated with a decreased cell size and decreased dislocation
density. The ultimate tensile strength was approximately
600 MPa for both the samples. Thus, strain hardening appears
to be slightly more prominent for the samples built with 80 um
layer thickness. In addition, the elongation to fracture decreased
from 61% to 44% for samples produced with an 80 pm layer
thickness. Still, for the larger layer thickness, the mechanical
properties can well satisfy the standard specifications for cold-
rolled stainless steel 316L, according to ASTM A240M-18.
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