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ABSTRACT

This study reports the variability of the fatigue strength of specimens manufactured by the
laser powder bed fusion process with respect to their location on the build plate. Specimens
from the right-hand and left-hand halves of the build plate were tested under high cycle
fatigue. Comparison of the fatigue data suggests that the specimens manufactured on the
right-hand half of the build plate have a higher fatigue strength than those manufactured
on the left-hand half. One reason for the observed discrepancy in fatigue strength was the
higher accumulation of spattered powder particles on the left-hand side as compared to the
right-hand side of the build plate. These spattered particles are oxidised, and form defects

such as inclusions within the specimen.

Introduction

Variation of the mechanical properties of parts pro-
duced by the laser powder bed fusion (LPBF) process
have not yet been thoroughly investigated. A review
by Dowling et al. [1] indicates that the key par-
ameters influencing repeatability/reproducibility are:
powder properties, laser characteristics, scan pattern,
and post processing. The powder properties affect
the powder bed density which in turn, influence
the thermal conductivity [2] and the optical pen-
etration depth [3-5] of the powder bed. The thermal
conductivity and the optical penetration depth of the
bed change the melt pool characteristics, which con-
sequently, influence the mechanical properties [6-8].
Abd-Elghany and Bourell [9] conclude that the ulti-
mate tensile strength increases with the increase of
the powder bed density. In addition, other factors
such as build orientation [10-12], layer thickness
[13], process parameters [14], and even the type of
LPBF machine can cause variation in the mechanical
properties. For example, in LPBF machines where
the powder is spread with a raking blade and unidir-
ectionally, the properties of the part vary significantly
depending on whether they are located near the start
of the recoating stroke or the end [15]. However, in
machines in which powder recoating is bidirectional,
the spreading direction is not expected to cause
variations in mechanical properties. The aim of this
study is to investigate the variability of the
fatigue strength of parts manufactured by the LPBF
process in relation to their location on the build
plate.
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Materials and methods

The current research is based on gas atomised 316 L
stainless steel powder. The material was produced by
Hogands AB (Hoganids, Sweden), and the chemical
composition is presented in Table 1. According to
the material’s specification document the powder
had an apparent density of 4.09 g cm™ and a flowrate
(Hall) equal to 16s/50 g. Gas adsorption analysis
based on the BET principle was carried out to measure
the specific surface area of the powder particles. For
this analysis, a Gemini VII apparatus from Micro-
metrics (Norcross, Georgia, USA) was used and the
powder exhibited a surface area of 0.030 m* g™

Powder particle size was analysed by laser diffrac-
tion. The analysis was performed using a Mastersizer
3000 equipment from Malvern (Malvern, UK). The
particle size was determined at the 10 (i.e. D10), 50
(i.e. D50) and 90 (i.e. D90) per cent on the cumulative
size distribution curve. The equivalent diameter for
D10, D50 and D90 was equal to 30.9, 45.4 and
65.9 um, respectively.

A SLM 125 HL system from SLM Solutions GmbH
(Liubeck, Germany) was used to manufacture the fati-
gue specimens. This machine is equipped with a single
400 W fibre laser and has a build envelope of 125 x
125 x 125 mm® (reduced by substrate plate thickness).
Fatigue specimens were manufactured directly on the
build plate and without the use of support structures.
The build direction was parallel to the longitudinal
axis of the specimens, and the specimens were manu-
factured with 50 pm lowering steps of the build plate.
It should be noted that in the SLM 125 HL system,
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Table 1 . Chemical composition (in wt-%) of 316 L stainless
steel as stated in the material specification.

Fe C Mo Ni Mn Cr Si 0]
Bal. 0.015 25 127 15 16.9 0.7 0.059

powder recoating is performed bidirectionally with a
rubber lip.

The powder was first, dried at 60°C (for a minimum
of 24 h), then sieved, and finally loaded into the LPBF
machine. The sieving was carried out in an argon
atmosphere with a PSM 100 unit (manufactured by
SLM Solutions GmbH) and a 75 pm mesh. During
the LPBF processing, argon 4.8 premium gas from
Linde (Lidingd, Sweden) was used in order to prevent
excessive oxidation. Furthermore, to limit the distor-
tion of the specimens the build plate was kept at
200°C during the entire LPBF process. At the end of
the process, the specimens were removed from the
build plate using wire electrical discharge machining.
The parts were not heat treated.

The specimens were machined to the final dimen-
sion. The post machining operation ensured that the
effect of surface roughness on fatigue was similar for
all specimens. In order to remove machining marks
or scratches on the surface, the machining procedure
was turning by lathe followed by manual polishing
in the longitudinal direction of the specimen. The
final geometry of the fatigue specimens was in accord-
ance with ISO 1099.

In total, 36 specimens were manufactured on the
build plate. The build plate was virtually divided into
two halves, and the specimens were divided into two
batches: the right-hand side and the left-hand side, see
Figure 1. The fatigue properties of the specimens
located on the right-hand side were compared with
those placed on the left-hand side. In this study, speci-
mens from the right-hand and the left-hand side were
extracted from two identical but subsequent LPBF runs.

In order to see whether there is a correlation
between the oxygen content of the specimens and

Left Side

their location on the build plate, two specimens
from the utmost right-hand side and two from the
utmost left-hand side of the build plate were analysed
for oxygen content according to ASTM E1019. The
measurement error for this analytical technique is ~
0.001 wt-%. In addition, the number of defects within
the specimens has been measured with light optical
microscopy at 100x magnification and by means of
an image analysis software (from Leica Microsystems).
For this analysis, two specimens located on the utmost
right- and two specimens on the left-hand side of the
build plate were selected. From each specimen, in total
four cross sections were examined. Two cross sections
were extracted from the gage section and parallel to
the build direction, and two cross sections were
extracted from the top grip head and perpendicular
to the build direction.

The LPBF process parameters used in this investi-
gation (i.e. 316L_SLM_MBP3.0_50_CE1_400W_Stri-
pes_V1.1) were specifically developed for 316L
stainless steel and were provided by the supplier of
the LPBF machine. With this parameter setting the
laser spot size was 65 pm, and each layer of the speci-
mens was composed of two borders, one fill contour
and the core. First, the two borders were created.
Next, the fill contour and, finally, the core of the
layer was formed with a stripe laser pattern. The
sequence is shown schematically in Figure 2.

All fatigue tests were performed with a sinusoidal
force function and frequency of 20 Hz at room temp-
erature. 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 speci-
mens were tested. A servo-hydraulic material testing
machine from MTS (Eden Prairie, Minnesota, USA)
was used for the tests. The machine was equipped
with hydraulic collet grips and a 100 kN load cell.
The fatigue tests were force controlled by means of
FlexTest GT controller and MTS MultiPurpose Test-
Ware software. Machine alignment was carried out
according to ISO 23788:2012 [16].

Right Side

< > <

n
»

& ®
o

Bidirectional Recoating

—-

0@@ @0

o0 .

©eg

«-—
Argon

+— . .
<« Flow Direction

«—

} ®e

Figure 1. Top view of the layout of the fatigue specimens on the build plate.
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Figure 2. The sequence of the laser path for shaping each layer of a given component.
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Figure 3. Fatigue data for 316 L stainless steel material manufactured with 50 um layer thickness. Data labels show the number of

run-outs and the stress amplitude.

Results

The results of the fatigue tests are shown in Figure 3.
The test results suggest a higher fatigue strength for
specimens printed on the right-hand side of the
build plate as compared to those printed on the left-
hand side. For reference, fatigue data for the as-
printed condition is also plotted in Figure 3. The fati-
gue data for the as-printed specimens is based on a
previous investigation which has been performed
with the same LPBF system, process parameters and
powder [13]. The surface roughness of the as-printed
and machined specimens has been reported previously
[13]. The arithmetic mean height (i.e. Sa) of the as-
printed specimens is 15 um, while after machining
Sa value of 0.5 pm is measured [13]. In addition, the
oxygen content of specimens fabricated in different
locations on the build plate is shown in Table 2.

Table 2. Oxygen analysis of specimens from the utmost right-
and left-hand side of the build plate.

Specimens Oxygen wt-% Mean

Right-hand side 1 0.058 0.059
2 0.060

Left-hand side 3 0.061 0.062
4 0.062

The results of the defect measurements by optical
microscopy and image analysis are plotted in
Figure 4. With respect to defects larger than
500 um?, the measurements show that the specimens
manufactured on the left-hand side of the build plate
contain a significantly higher number of defects than
those on the right-hand side, see Figure 4(a). Regard-
ing defects smaller than or equal to 500 um’, the
difference between specimens from the left- and
right-hand side of the build plate is much smaller,
see Figure 4(b).

Discussion

One reason for the observed discrepancy in fatigue
strength (as shown in Figure 3) is the higher accumu-
lation of spattered powder particles on the left-hand
side as compared to the right-hand side of the build
plate. The effect of spattered particles on the tensile
strength has been previously reported [18]. Liu et al.
[18] showed that the strength of specimens which
were manufactured solely with spattered powder was
considerably inferior to those manufactured with vir-
gin powder. The degradation of the tensile strength
was attributed to the higher content of oxide
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Figure 4. Total number of defects (a) larger than 500 um? and (b) smaller than 500 um? found in specimens manufactured on the

left-hand side and right-hand side of the build plate.

inclusions which remain in the material and act as
fracture initiation sites during tensile testing [18].
When multiple components are to be manufac-
tured, the laser scan direction is from the left- to the
right-hand side of the build plate. In addition, the
laser scan direction is opposite to the direction of
the gas flow, see Figure 5. Hence, the accumulation
of spattered powder particles on the left-hand side of
the build plate is inevitable. The images of the powder
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bed after laser exposure confirm the above phenom-
enon and reveal a higher amount of spattered powder
particles on the left-hand side of the build plate as
compared to the right-hand side, see Figure 6.
Spattered particles are more oxidised and signifi-
cantly larger than the original virgin powder. Selective
oxidation of Si and Mn has been observed on the sur-
face of the spattered particles of 316 L stainless steel
material [17]. Although, a firm conclusion cannot be
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Figure 5. The laser scan sequence and path when multiple components are being manufactured on the build plate.
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Figure 6. Top view image of the powder bed and the fatigue specimens. Spatter particles appear as black dots in the image and
are more frequently found in the centre and towards the left-hand side of the build plate.

drawn from the results in Table 2, the data suggests
that on average the specimens located on the utmost
left-hand side of the build plate have a slightly higher
oxygen content than those on the utmost right-hand
side. This finding agrees with observations by Simo-
nelli et al. [17] and Liu et al. [18].

The results of the defect analysis (plotted in Figure 4)
clearly show a higher number of larger defects (i.e. >
500 um?) in specimens fabricated on the left-hand side
as compared to those on the right-hand side of the
build plate. Although it is not possible to differentiate
between oxide inclusions and porosity by image analy-
sis, the result in Figure 4(a) suggests that the spattered
particles have a negative impact on fatigue strength.

Conclusions

The current study shows that the fatigue strength of
parts manufactured by LPBF can vary depending on
their location on the build plate. Examination of the
laser scan path and sequence with respect to the direc-
tion of the gas flow reveals that the spattered particles
are inevitably more accumulated on the left-hand side
of the build plate. Spattered particles are more oxi-
dised and consequently, specimens manufactured on
the left-hand side have a slightly higher oxygen con-
tent and contain a higher number of large defects
(i.e. defects larger than 500 um®) as compared to
those manufactured on the opposite side. Hence, as
reported in this investigation, the specimens manufac-
tured on the left-hand side of the build plate exhibit a
lower fatigue strength as compared to those on the
right-hand side.
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