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In this study, the fatigue strength of 316 L stainless steel manufactured by selective laser melting (SLM) is
evaluated. The effect of powder layer thickness and postmachining is investigated. Specimens were pro-
duced with 30 and 50 um layer thickness and tested under high cycle fatigue in as-printed and postma-
chined conditions. Examination of the specimens reveals that in the as-printed condition, fatigue strength
suffers from high roughness and surface tensile residual stresses as well as defects such as pores and lack of
fusion voids. After machining, the fatigue strength was improved due to lower surface roughness, presence
of compressive residual stresses, and removal of surface porosity. The results show that increasing the layer
thickness (within the range tested) has a minor negative impact on fatigue strength; however, it has a major
positive impact on the productivity of the SLM process. In addition, it is clear that the impact of post-
machining on fatigue is far greater than that of the layer thickness.
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1. Introduction

In recent years, research and development in selective laser
melting (SLM) has motivated widespread industrialization of
this technology for low production series of small- and
medium-size structural components with complex design.
One encouraging factor is the static mechanical properties of
SLM-fabricated components. With this technology, various
materials can be processed to produce near full density parts
with static mechanical properties which in certain cases can be
higher than their wrought counterparts. For example, the yield
and ultimate tensile strength of SLM produced parts made of
316 L stainless steel are higher than those reported for wrought
316 L material (Ref 1, 2). Another motivating factor for
adoption of SLM is related to the economic gains associated
with the production of parts with an appreciable level of
complexity. By considering design guidelines for SLM and
with a thorough knowledge of the process, complex compo-
nents can often be manufactured more economically with SLM
than with conventional methods (Ref 3). Furthermore, contin-
uous development and launch of machines with higher
production capabilities and precision have facilitated the
industrialization of SLM technology for serial production.

In view of the above remarks, it would be reasonable to
expect the manufacturing industry to eagerly adopt SLM and
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replace some of the conventional manufacturing methods.
However, to date, the process is mainly used for prototyping,
and the rate of industrialization of this technology is much
lower than anticipated.

One underlying reason for the slow adoption of SLM is
insufficient knowledge of the influence of SLM process
variables on the fatigue strength of the final component (Ref
4). This has led to a lack of confidence in the technology among
product designers. A thorough knowledge of the fatigue
strength of components produced by SLM is vital, considering
that at least 90 percent of all service failures due to mechanical
cause is related to fatigue (Ref 5).

Variables such as build orientation, layer thickness, powder
properties, SLM process parameters, and the type of machine
can affect fatigue strength. The fatigue strength of as-printed
316 L stainless steel material is reported to be inferior to its
wrought counterpart (Ref 1, 6). However, postoperations such
as machining or vibratory treatments improve the fatigue
strength of SLM-fabricated specimens (Ref 1, 7). With respect
to build orientation, research by Mower and Long shows that at
lifetimes of 10°-10° cycles, the fatigue strength of vertically
built 316 L specimens is only 30% of the strength of specimens
fabricated horizontally (Ref 6). Rakish et al. showed that the
fatigue life of horizontally built and postmachined 316 L
stainless steel specimens was higher than those built vertically
and diagonally (Ref 2). Similarly, Blinn et al. reported higher
fatigue strength and lower scatter for horizontally manufactured
and postmachined 316 L material as compared to their vertical
counterparts (Ref 8). The anisotropic fatigue behavior is
speculated to be related to the orientation of defects (Ref 2),
layers (Ref 6, 8), and grain structure (Ref 8) with respect to the
loading direction. The study by Zhang et al. shows that
variation of process parameters such as laser power and scan
speed affects the fatigue strength of the material and determines
the type and number of defects such as porosity and lack of
fusion voids (Ref 9). Lack of fusion voids and unmelted or
partially melted powder particles seem to be common fatigue
initiation sites in 316 L stainless steel produced by SLM (Ref
2). However, Riemer et al. conclude that since 316 L exhibits
high ductility (53.7% elongation to failure), even in the as-built
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condition, the material does not suffer severely from SLM
process-induced defects such as pores and residual stress (Ref
10).

The objective of this research is to understand the effect of
layer thickness and postmachining operation on fatigue
strength. Regarding layer thickness, specimens are produced
with 30 and 50 um layer thickness. The specimens are then
fatigue tested in two conditions, (1) as-printed and (2)
postmachined. The specimens are characterized with respect
to parameters that are known to affect the fatigue strength of
materials such as surface roughness, residual stress, and
microstructure.

2. Materials and Methods

2.1 Powder Properties

The material used in this investigation was a gas-atomized
316 L stainless steel powder manufactured by Hogands AB
(Hogands, Sweden). The chemical composition of the powder
is given in Table 1. According to the material specification
provided by the powder manufacturer, the powder exhibited an
apparent density of 4.09 g/cm’ and a flowrate (Hall) of 16 s/
50 g. The specific surface area of the powder was determined
by gas adsorption analysis based on the BET principle. BET
surface area equal to 0.030 m?/g was measured using a Gemini
VII apparatus from Micrometrics (Norcross, Georgia, USA).

Powder particle size was measured by laser diffraction using
a Mastersizer 3000 equipment from Malvern (Malvern, UK).
Particle size measurements were repeated four times, and the
equivalent diameter for D10, D50, and D90 was averaged, see
Table 2. D10, D50, and D90 values correspond to the particle
sizes at the 10, 50, and 90 percent points on the cumulative
particle size distribution.

2.2 Specimen Manufacturing

All fatigue specimens were manufactured using a SLM 125
HL system from SLM Solutions GmbH (Liibeck, Germany).
This machine has a build envelope of 125 x 125 x 125 mm’
(reduced by substrate plate thickness) and a single 400-W fiber
laser. The SLM process parameters used in this investigation
were provided by SLM Solutions GmbH and were specifically
developed for 316 L stainless steel. Fatigue specimens were
manufactured by lowering increments of the build plate by 30
and 50 um (henceforth referred to as layer thickness). Param-
eter setting designations 316L_SLM MBP3.0 30 CEI _
400W_Stripes V1.1 and 316L_SLM MBP3.0 50 CEIl
400W_Stripes V1.1 were used for 30 and 50 um layer
thickness, respectively. The specimens were manufactured
without the use of support structures and were built directly
on the build plate. The build direction is parallel to the
longitudinal axis of the specimens.

All test specimens were manufactured with a laser spot size
of 65 um using a stripe pattern. In these SLM runs, first the
contour and then the core of the surface are shaped. The
contour consists of two borders, and one fill contour.

Following the recommendations from SLM Solutions
GmbH, the powder was dried at 60°C (for a minimum 24 h)
and then sieved prior to being loaded into the SLM machine.
The sieving operation was performed using a PSM 100 unit
(manufactured by SLM Solutions GmbH) with a 75-pm mesh
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Table 1 Chemical composition (in wt.%) of 316L gas-
atomized powder as stated in the material specification

Fe C Mo Ni Mn Cr Si (o)

Bal. 0.015 2.5 12.7 1.5 169 0.7 0.059

Table 2 Particle size of the investigated 316 L stainless
steel powder measured by laser diffraction

Particle size D10 D50 D90
Average 30.9 45.4 65.9
SD 0.6 0.4 0.5
o
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Fig. 1 Specimen geometry for high cycle fatigue tests

in an argon atmosphere. In order to prevent excessive oxidation
during SLM processing, argon 4.8 premium gas from AGA
GAS AB (Lidingd, Sweden) was used. The building platform
was kept at 200°C during the entire process to limit distortion.
The produced specimens were removed from the build plate
using wire electrical discharge machining and were not stress
relieved.

Fatigue specimens for the as-printed and postmachined
batch of specimens were manufactured with 1 mm of machin-
ing allowance on the grip heads. This was done in order to
minimize misalignment when mounting the specimens in the
testing equipment. The postmachined batch of fatigue speci-
mens was manufactured with 3 mm of machining allowance in
the gage section of the specimen. The machining procedure was
turning by lathe followed by manual polishing in the longitu-
dinal direction of the specimen in order to remove any
machining marks or scratches on the surface. The final
dimension and geometry of the fatigue specimens are shown
in Fig. 1. This geometry complies with ISO 1099.

2.3 Surface Roughness

Surface roughness was measured with a Sensofar S neox
instrument (Terrassa, Spain) using confocal fusion. Confocal
fusion is a technique that combines confocal microscopy with
focus variation. Measurements were taken with a 20 x mag-
nification objective, and the images were stitched to cover an
area of 2.2 mm x 1.6 mm. The lateral resolution of the
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Table 3 Surface roughness values (and the standard deviations) of as-printed and postmachined specimens

As printed Postmachined
Layer thickness, um Sa, yum Sq, um S10z, pm Sa, yum Sq, um S$10z, pm
30 13.1 £ 0.8 159 £ 1.0 69.4 £ 11.7 0.5 0.7 50+ 1.1
50 15 +2.0 185 £25 71.8 £53 0.5 0.7 £ 0.1 4.0+ 04
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Fig. 2 3D view of as-printed surfaces manufactured with a) 30 um and b) 50 um layer thickness

measurements was 0.645 um. In all the measurements, the
short wavelength noise was removed with a spatial median
denoise filter with a window size of 5 x 5 points. Form
removal was carried out using 3™ degree polynomial, and the
non-measured points were filled in. The non-measured point
ratio is typically below 2% and does not exceed 4%. Surfaces
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were characterized according to ISO 25178-2, using Sa (i.e.,
arithmetic mean height), Sq (i.e., root-mean-square height), and
S10z (ten-point height pruning = 5%). Measurements were
taken on the gage length of the specimens on five random
locations. The mean value of the measurements was used to
compare the surfaces.
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Fig. 3 3D view of postmachined surfaces manufactured with a) 30 um and b) 50 um layer thickness
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Fig. 4 Residual stress profiles measured along the longitudinal axis
of fatigue specimens

2.4 Residual Stress

Residual stress measurements were taken by x-ray diffrac-
tion (XRD) using a XStress 3000G2R equipment from
Stresstech Oy (Vaajakoski, Finland). All measurements were
taken in an accredited laboratory in accordance with the SS-EN
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15304:2008 standard (Ref 11). The diffractometer was
equipped with a chromium x-ray tube (4 = 0.210314 nm) with
a 30 kV and 6.6 mA power supply. Measurements were taken
with a I-mm collimator. The lattice plane (311) with a 20
diffraction peak located at 152.3° was measured. The modified
sin®?  method was used with 5 psi angles
(£ 40°, £ 33.8°, & 27°, £ 18.7°, 0°). Residual stresses were
calculated based on Hooke’s law and elastic strain theory, using
Young’s modulus of 196 GPa and a Poisson’s ratio of 0.28. The
measurement data were analyzed using Xtronic 1.12.1 soft-
ware, and cross-correlation was used for peak fitting. Residual
stress profiles were created by measuring the stress at different
depths below the surface of the specimen. For these measure-
ments, a specific amount of material was removed from the
surface by means of electropolishing (Struers Movipol) with
A2 electrolyte from Struers (Ballerup, Denmark) and following
their recommended settings. It should be noted that the high
surface roughness of as-printed samples can lead to an
inhomogeneous electropolishing effect. To circumvent this
issue and ensure a uniform material removal, as-printed
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Fig. 5 As-printed microstructure of 316L stainless steel parallel to
the build direction: a) 30 um layer thickness and b) 50 pum layer
thickness. Micrographs courtesy of Hogands AB, Sweden

Fig. 6 As-printed microstructure of 316L  stainless steel
perpendicular to the build direction: a) 30 um layer thickness and b)
50 um layer thickness. Micrographs courtesy of Hogands AB,
Sweden

surfaces were gently grinded by hand using sandpaper with 200
grit size prior to electropolishing.

Journal of Materials Engineering and Performance

2.5 High Cycle Fatigue

All fatigue tests were performed at room temperature with a
sinusoidal force function and frequency of 20 Hz. The failure
criterion was the complete separation of the specimen. The tests
were carried out at a stress ratio of R = 0.1, and 2 x 10° cycles
were considered as run-out. A minimum of 14 samples for each
batch of specimens was tested at four stress amplitudes: 247.5,
202.5,157.5, and 112.5 MPa. The only exception was the batch
of postmachined specimens manufactured with 30 um layer
thickness. For this batch, due to an inadequate number of
specimens, only eight samples were tested. The tests were
carried out in a servo-hydraulic material testing machine from
MTS (Eden Prairie, Minnesota, USA). The machine was
equipped with a 100-kN load cell and hydraulic collet grips.
The fatigue tests were controlled by force using a FlexTest GT
controller and MTS MultiPurpose TestWare software. Machine
alignment was performed according to ISO 23788:2012 (Ref
12).

2.6 Microstructure

Microstructure evaluations were carried out on cross
sections parallel and perpendicular to the build direction. The
metallographic samples were extracted away from the fracture
surface but within the gage length of the specimen. Microstruc-
ture examinations were performed using optical microscopy,
and samples were etched using a solution consisting of 45 ml
distilled water + 30 ml HCL +15 ml HNOj. Fracture surfaces
were examined by means of stereo and scanning electron
microscopy (SEM) with a secondary electron detector.

2.7 Hardness and Porosity

Vickers hardness testing was performed on the as-printed
specimens on cross sections parallel to the build direction. The
hardness of the core of the specimens was determined based on
the average of five indentations with an applied load of 1 kg
(i.e., HV1). The surface hardness was measured with micro-
indentations with an applied load of 50 grams (i.e., HV0.05).
Approximately thirty indents were made on the border of the
specimens, and the average hardness was calculated. Porosity
measurements were taken on cross sections perpendicular to the
build direction on an area including both the core and the
border. The samples were investigated with light optical
microscopy, and the porosity was measured with 12.5x
magnification using an image analysis software.

3. Results and Discussion

3.1 Surface Roughness

As shown in Table 3, as-printed specimens are significantly
rougher than postmachined samples. Furthermore, in the as-
printed condition, surface roughness seems to be slightly lower
for samples manufactured with 30 um layer thickness as
compared to those manufactured with 50 um layer thickness,
see Table 3.

It is worth noting that in the as-printed condition, while the
difference in roughness was only a few microns, the production
time was significantly lower for specimens manufactured with
50 pum layer thickness as compared to those manufactured with
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Table 4 Porosity measurements by image analysis

Layer thickness Condition Porosity, area% Total Amount of Pores
30 As printed 0.1 97
30 Postmachined 0.03 30
50 As printed 0.27 270
50 Postmachined 0.23 207

Fig. 7 Near-surface porosity in polished as-printed specimens
perpendicular to the build direction: a) 30 um layer thickness and b)
50 pm layer thickness

30 pum layers. The production time decreased by 58% when
increasing the layer thickness from 30 to 50 pum.

The overall surface topography of the as-printed and
postmachined specimens is shown in Fig. 2 and 3, respectively.
Histogram of the height distribution is presented next to the
scale bar in Fig. 2 and 3. The distribution is slightly narrower
for as-printed specimens manufactured with 30 um layer
thickness as compared to their 50-um counterparts. After the
machining operation, the distribution becomes considerably
narrower and ranges from approximately — 1 um to + 2 um,
see Fig. 3. The height distribution in the as-printed condition is
significantly wider than in the postmachined condition.

The high surface roughness of as-printed specimens has a
clear negative impact on the fatigue strength. Unmelted powder
particles at the surface will act as stress raisers and thereby
lower the fatigue performance (Ref 1, 13). The postmachining
process removes the unmelted particles which are potential
crack initiation sites (Ref 1). Uhlmann et al. observed a lower
fatigue life in as-printed 316 L stainless steel as compared to
postmachined specimens and attributed this discrepancy to
surface roughness (Ref 7).

3188—Volume 29(5) May 2020

3.2 Residual Stress

Residual stress was measured along the longitudinal axis of
the samples parallel to the build direction. As can be seen in
Fig. 4, as-printed samples possess high tensile residual stress at
the surface and up to ~ 120-140 um below the surface. In
contrast, postmachined specimens exhibit compressive residual
stress at the surface and up to ~ 50 yum and ~ 90 um below
the surface. The machining process induces compressive
stresses in the feed direction (Ref 14), which is along the
longitudinal axis of the specimens. It is a well-known fact that
compressive surface residual stresses are beneficial for fatigue.
In addition, the postmachining operation removes the surface
portion of the material which is under tensile stress.

3.3 Microstructure

The microstructure was evaluated in both directions.
Figure 5 and 6 show the microstructure parallel and perpen-
dicular to the build direction, respectively. The microstructure
of the border of the specimen is different from that of the core,
see Fig. 5 and 6. The observed difference is due to the SLM
process parameters which are used for shaping borders, fill
contour, and the core of each layer. It is worth noting that the
border and fill contour parameters have a significant impact on
the surface integrity of the as-printed specimens. The melt
pools seem to be slightly shallower in specimens manufactured
with 30 um layer thickness (Fig. 5a) as compared to those built
with 50 um layers (Fig. 5b). The path of the laser stripe can be
clearly seen in Fig. 6. In addition, near-surface porosity is
prevalently found close to the border of the samples, see Fig. 6.

3.4 Hardness and Porosity

For as-printed specimens manufactured with 30 and 50 um
layer thickness, the average core hardness was 226 4 6 and
233 + 6 (HV1), respectively. The average surface hardness of
as-printed specimens manufactured with 30 and 50 yum was
279 4+ 21 and 253 £+ 19 (HV0.05), respectively. Difference in
surface hardness is most likely related to SLM process
parameters.. The process parameters used for specimens
manufactured with 30 um layer thickness may result in a finer
surface microstructure and grain size. The finer microstructure
is expected to have a positive impact on fatigue strength (Ref
15).

The result of the porosity measurements is shown in
Table 4. It is worth mentioning that by image analysis it is not
possible to differentiate between porosity and other forms of
defects such as oxides and carbides.

In general, as-printed samples possess a higher porosity
content as compared to the postmachined variant. This is
mainly due to the presence of pores close to the surface which
are removed by the postmachining operation, see Fig. 7.
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Fig. 8 Fatigue data for 316L stainless steel manufactured with a) 50 um and b) 30 um layer thickness. Data labels show the number of run-

outs and the stress amplitude

Furthermore, a considerably higher content of porosity is found
in samples manufactured with 50 um layer thickness as
compared to those manufactured with 30 ym. This is most
likely due to insufficient energy input which can lead to
inadequate melting and lack of fusion. Higher porosity content,
especially close to the surface, increases the risk of crack
initiation under fatigue.

3.5 Fatigue Tests

Fatigue data from specimens manufactured with 50 and
30 um layer thickness are illustrated in Fig. 8. The data show
that regardless of the layer thickness, machined samples exhibit
a higher fatigue strength as compared to as-printed specimens.

At 5 x 10° cycles the fatigue strength of postmachined
specimens is more than 50 MPa higher than that of as-printed
specimens. These results agree with the surface roughness,
residual stress, porosity, and hardness measurements. Postma-
chined samples have a much lower surface roughness as
compared to the as-printed specimens (see Table 3), and they
benefit from surface compressive residual stresses (see Fig. 4)
and a lower content of surface porosity (see Table 4). These are
the main reasons for reaching a higher fatigue strength after
machining (Ref 16).

Figure 9 illustrates the impact of layer thickness on the
fatigue strength of as-printed and postmachined specimens,
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respectively. The data show that regardless of the condition of
the specimens (i.e., as printed or postmachined) the difference
in fatigue strength between specimens manufactured with 30
and 50 um appears to be small.

Figure 9 shows fatigue data for 316 L stainless steel in a) as-
printed and b) postmachined conditions manufactured with 30
and 50 um layer thickness. Data labels show the number of
run-outs and the stress amplitude.

Although further interpretation of the results is not statis-
tically secured, the data in Fig. 9(a) suggest a slightly higher
fatigue strength for as-printed specimens fabricated with 30 um
layer thickness as compared to those manufactured with 50 um
layer thickness. A similar trend can be deduced from Fig. 9(b)
for postmachined specimens. However, as described under
heading 2.5, the postmachined batch of specimens manufac-
tured with 30-um layers consisted of only eight specimens
which were tested at two load levels. Hence, further testing is
needed in order to draw conclusions. Nonetheless, the porosity
measurements shown in Table 4 indicate a significantly lower
pore content in specimens manufactured with 30-um layers as
compared to those fabricated with 50 um. This observation
favors a higher fatigue strength for samples manufactured with
30 um as compared to those manufactured with 50 um.
Comparison of the data in Fig. 9(a) and (b) suggests a greater
scatter in fatigue data in the postmachined condition than in the
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Fig. 9 Fatigue data for 316L stainless steel in a) as-printed and b) postmachined conditions manufactured with 30 and 50 pum layer thickness.

Data labels show the number of run-outs and the stress amplitude

as-printed condition. This could be a consequence of the
machining operation with which the main causes of crack
initiation, namely, surface porosity and high surface roughness,
are eliminated. Hence, fatigue is initiated from the more
randomly distributed defects in the core of the specimens.

All the fatigue data presented thus far are plotted in Fig. 10.
In addition, Fig. 10 illustrates data on conventionally produced
316 LN stainless steel tested at the same stress ratio but a lower
frequency (i.e., 10 Hz) (Ref 17). The plot shows that while the
fatigue strength of conventionally produced 316 LN is slightly
higher than as-printed 316 L material, it is significantly lower
than SLM-produced 316 L after machining. Elangeswaran et al.
also report a higher fatigue strength for SLM produced and
postmachined 316 L specimens as compared to conventionally
manufactured 316 L material (Ref 1). From Fig. 10 it is clear
that the positive impact of the postmachining operation is larger
than that of lowering the layer thickness from 50 to 30 um.

3.6 Fractography

The fracture surface of the specimens that were tested at a
high stress amplitude (e.g., 247 MPa) is predominantly very
rough in appearance and exhibits large areas of severe plastic
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deformation indicating the final stage of the fatigue process,
namely, ultimate ductile failure, see Fig. 11(a). On the other
hand, specimens that were tested at lower stress amplitudes
(e.g., 112 MPa) exhibit fracture surfaces which are mainly flat,
an indication of a more incremental crack propagation. This
pattern can be seen in Fig. 11(b).

Fracture surfaces were also examined by means of scanning
electron microscopy (SEM) combined with a secondary
electron detector. Figure 12(a) shows potential crack initiation
sites.

As can be seen, spherical pores are found close to the
surface of the specimen. Frequently, the internal surface of
these pores contains concentric ridges, see Fig. 12(b). This type
of defect has been reported by Qiu et al. in Ti-6Al-4 V material.
The pores seen in Fig. 12(b) are different to those formed due
to lack of fusion or gas entrapment (Ref 18). Lack of fusion
defects is typically irregular in shape, and pores created by gas
entrapment do not contain ridges. According to Qui et al., pores
with ridges are most likely formed during laser scanning and
are created due to incomplete re-melting of a localized surface
of a previous layer (Ref 18). They speculate that this
incompletely re-melted point will slow down the spreading of
the molten material in its proximity and will result in a volume
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Fig. 10 Influence of layer thickness and postmachining operation on the fatigue strength of SLM-manufactured 316L stainless steel. Run-outs

are excluded from the plot and the curve fitting

Fig. 11 Fracture surface of specimens manufactured with 50 um
layer thickness and tested in the as-printed condition: a) stress
amplitude = 247 MPa, cycle to failure = 57,561. b) Stress
amplitude = 112 MPa, cycle to failure = 1,501,941

where molten metal is unable to penetrate. Qui et al. state that
the ridges seem to represent the progress of solidification fronts
where there is no feeding of the molten metal (Ref 18).
However, Saiz et al. have observed the ridging phenomenon in
wetting experiments with liquid metals on sapphire substrate.
They claim that ridges are formed at a triple line (i.e., contact
between gas, solid and liquid) in response to the vertical
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Fig. 12 Fracture surface of an as-printed 316L stainless steel
specimen manufactured using 50 um layer thickness: a) possible
crack initiation sites near the surface, arrow indicating surface of the
specimen, and b) pores with ridges inside

component of force from surface tension (Ref 19, 20). Local
atomic diffusion takes place at high temperatures, and the
substrate can deform at the triple point, resulting in a ridge (Ref
19). The temperatures reached during SLM processing are
sufficiently high to assist atomic diffusion, and deformation of
the material can take place with relative ease. The ridge formed
can hinder the melt from spreading. However, in certain
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Fig. 13 Crack propagation due to fatigue in 316L stainless steel
tested in the as-printed condition: a) transgranular fracture and b)
fatigue striation
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Fig. 14 Fracture surface of 316L stainless steel fatigue tested in the
as-printed condition: a) ultimate ductile failure and b) dimpled
rupture

conditions the melt can break away from the ridge and start a
new ridge by the same mechanism (Ref 19). It is worth noting
that ridges were found on specimens prior to testing; hence,
their formation cannot be a consequence of fatigue testing.
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a

SEI  15kV. WD30mm
Swerea IVF

SEI 15KV
Swerea IVF

Fig. 15 Fracture surface of an as-printed 316L stainless steel
specimen manufactured using 30 um layer thickness: a) overall
fracture surface and b) crack initiation site close to the surface
indicated by the arrow

SEI 15KV
Swerea IVF'

Fig. 16 Fracture surface of a postmachined specimen manufactured
with 50 um layer thickness: a) macroscopic view of the entire
fracture and b) higher magnification of the initiation site, as shown
by the boxed region in image a. Black marks in the image are
contamination

Thus, it seems reasonable to assume that pores containing
ridges are a direct consequence of the SLM process.
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The main portion of the fracture surface exhibits a
transgranular mode of fracture, see Fig. 13(a). Striation marks
indicative of the cyclic crack propagation are found on the
fracture surface, see Fig. 13(b). The final stage of fatigue failure
occurs in a ductile manner, and the dimpled microstructure is a
clear sign of this fracture mode, see Fig. 14.

The fracture surface of as-printed specimens manufactured
with 30 um layer thickness is in general similar to those
manufactured with 50 um layer thickness. Crack initiation sites
are found close to the surface, and defects initiating the cracks
are mainly process related, Fig. 15. As can be seen in
Fig. 15(b), the initiation site (in this specific specimen) is most
likely caused by a lack of fusion void.

A macroscopic image of the fracture surface of a postma-
chined specimen is shown in Fig. 16(a). Although the machin-
ing operation removes the pores and voids near the surface of
the specimen, fatigue cracks seem to initiate from pores similar
to those shown in Fig. 12(b).

4. Conclusions

In this study, high cycle fatigue tests were performed on
SLM-produced specimens in as-printed and postmachined
conditions. The influence of layer thickness and postmachining
on the fatigue strength of SLM-manufactured 316 L stainless
steel was evaluated. The following conclusions can be drawn
from this investigation:

e Increasing the layer thickness from 30 to 50 um has a
minor negative impact on fatigue strength; however, it has
a major positive impact on the productivity of the SLM
process. In both as-printed and postmachined conditions,
the data suggest a slight increase in fatigue strength when
using 30-um layers.

* A significantly higher content of pores is found in samples
manufactured with 50 um layer thickness than in those
fabricated with 30 um.

e The impact of the postmachining operation on fatigue is
far greater than that of the layer thickness.

¢ In the as-printed condition, fatigue strength suffers from
high surface roughness, tensile surface residual stresses,
and defects such as pores and lack of fusion.

e Improvement of fatigue strength after machining is due to
lower surface roughness, the presence of compressive sur-
face residual stresses, and removal of surface porosity.

e The fatigue strength of SLM-manufactured 316 L stainless
steel in the as-printed condition seems to be slightly lower
than that of conventionally produced 316 LN stainless
steel material. However, after machining, the fatigue
strength of SLM-produced parts is considerably higher
than that of their conventionally produced counterparts.
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