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Abstract

Reproducing parts of equal quality on different additive manufacturing (AM) machines,
particularly laser powder bed fusion systems, can prove to be challenging due to the numerous
process variables affecting final part quality. Original equipment manufacturers (OEMs)
recommend regular system calibration to minimize the differences in part quality. Current efforts
are going towards process qualification and standardization to ensure that parts of equal quality
can be fabricated regardless of where they are fabricated. As such, this study aims to assess the
reproducibility of IN718 parts fabricated on three EOS M290 machines by comparing mechanical
properties, including tensile and fatigue, and dimensional accuracy. Results showed minor
differences in strength and ductility, and subtle differences in fatigue life. These differences could
relate to inconsistencies in heat treatment between fabrication sites inducing different
microstructures. Dimensional accuracy was unaffected and therefore reproducible among the three
machines.

Keywords: Laser powder bed fusion (L-PBF/LB-PBF), IN718, Equivalency, Micro-/defect-
structure, Mechanical behavior, Dimensional accuracy
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Introduction

Additive manufacturing (AM) is a promising technique for fabricating near-net-shape parts
[1,2]. Several types of AM techniques exist with laser powder bed fusion (L-PBF) being a popular
one due to its ability to produce parts with high geometric accuracy [3]. Laser powder bed fusion
has therefore been adopted by various industries including biomedical, aerospace, and automotive
[4,5]. Some of the challenges associated with L-PBF, however, are process induced volumetric
defects, microstructural anisotropy, and residual stresses [6,7]. Due to the numerous process
variables involved during fabrication, slight variations in them due to factors such as machine
health, feedstock, and machine setup can lead to differences in final part quality [8]. Ensuring that
parts are repeatable on the same machine and reproducible on similar machines with different
serial numbers is critical for the success of industrial applications of L-PBF. As a result, original
equipment manufacturers (OEMs) suggest regular maintenance on machines to ensure that all
systems are operating as designed.

Apart from regular maintenance, standards organizations are working with OEMs to
standardize L-PBF (among other AM processes) to ensure quality control and traceability of all
manufactured components. Process qualification is one of the steps in standardization and is
crucial for implementing L-PBF in critical applications [9]. Qualification principles as outlined in
ISO/ASTM 52930 [10] consist of three sectors including installation qualification (IQ), operation
qualification (OQ), and performance qualification (PQ). In simple terms, IQ ensures that the
machine has been installed correctly; OQ ensures that the machine can consistently produce parts
of acceptable quality; PQ ensures that the product specifications are met through process
monitoring systems or other regulatory checks. These qualification principles in conjunction with
quality management systems have been developed to manage the quality of L-PBF parts and to
ensure that they meet the minimum requirements set by OEMs and standards organizations.

Considering the steps associated with process qualification, some of the key factors that
need to be taken into consideration include feedstock quality, machine setup, process parameter
selection, and characterization technique. Ensuring that all these factors are identical across builds
on similar L-PBF systems with different serial numbers may be challenging. For example, if
machines are in different parts of the world, access to the same quality of feedstock, process gas,
and characterization techniques may be difficult especially for “point-of-need” applications.
Additionally, ambient conditions may be completely different resulting in dissimilar loads on
ancillary equipment affecting key process variables during fabrication, i.e., hot versus cold
environments. Although machines may be nominally identical, variations in any of the
abovementioned factors during fabrication may affect micro-/defect-structures, mechanical
properties including tensile and fatigue, and dimensional accuracy [11]. For components required
in critical load bearing applications, mechanical performance cannot be compromised.
Furthermore, for parts requiring fine tolerances, dimensional accuracy of fabricated parts is
imperative.
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Therefore, this study aims to investigate the reproducibility of parts fabricated on three
nominally identical L-PBF machines with different serial numbers by evaluating their tensile and
fatigue behavior as well as dimensional accuracy. Inconel 718 (IN718) has been used in this study
due to its applicability in various industrial sectors such as aerospace and power generation
[12,13]. The qualification principles mentioned above were applied to each build to ensure
uniformity and allow for traceability of any issues or inconsistencies encountered along the way.

Experimental procedures

Three builds were conducted on each of three EOS M290 L-PBF systems denoted as
Machine 1, Machine 2, and Machine 3, using identical build layouts as depicted in Figure 1.
Process parameters recommended by EOS for IN718 were used for this study including a laser
power of 285 W, scanning speed of 960 mm/s, hatching distance of 0.11 mm, and layer thickness
of 0.04 mm. To ensure the success of each build, a carbon fiber brush recoater was used.
Fabrication with Machine 1 used IN718 plasma atomized powder supplied by AP&C and
fabrication with Machines 2 and 3 used powder supplied by Sandvik. Each powder lot had a
particle size distribution in the range of 15 — 53 pm, however, the AP&C powder had undergone
six reuses prior whereas the Sandvik powder was virgin. Figure 1 includes various parts that were
used for different tests, inspections, and characterizations.

Tensile

Low cycle fatigue

High cycle fatigue
Fracture toughness
Linear artifact

Tall cuboid
Unsupported overhang
Small cuboid

Resolution slot

0000000000

Powder capsule

Figure 1: Build layout for IN718 parts.

The parts located towards the south side of the build plate, i.e., near the gas extraction
nozzle, were strategically placed to allow for removal after fabrication using a wire electro-
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discharge machine (EDM) to observe the as-built microstructure. This included the unsupported
overhang, one of the tall cuboids, and one of the small cuboids. Additionally, the powder capsules,
which were fabricated on supports, were removed to undergo chemical composition and particle
size distribution analyses using inductively coupled plasma mass spectroscopy and laser
diffraction, respectively. After removal of these parts, each build plate underwent stress relief (SR)
at 1065 °C for 1.5 hours. Thereafter, all parts were detached from the build plate using a wire
EDM. Following removal, all parts underwent hot isostatic pressing (HIP), solution annealing
(SA), and double aging. The full heat treatment (HT) schedule can be observed in Table 1.

Table 1: Heat treatment schedule applied to all applicable parts.

Stress Relief Hot Isostatic Solution 1% Step Aging 2nd Step Aging
(SR) Pressing (HIP) Annealing (SA)
1065 °C/1.5h | 1162 °C/3.5 h/100 1065 °C/1 h 760 °C/10 h 650 °C/10 h
MPa

Mechanical behavior was assessed through tensile, low cycle fatigue (LCF), and high cycle
fatigue (HCF) tests (geometries included in Figure 2a) and b), respectively). Fracture toughness
specimens were fabricated however they were not used in this study. Both tensile and fatigue tests
were conducted on servo-hydraulic load frames. Tensile tests were conducted in strain-controlled
mode at a strain rate of 0.005 mm/mm/min according to ASTM E8 [14]. Low cycle fatigue tests
were also strain-controlled and were fully reversed (R = -1) with a strain amplitude of 0.005
mm/mm at a frequency of 0.5 Hz following a sinusoidal waveform according to ASTM E606 [15].
High cycle fatigue tests were performed under tension-tension loading (R = 0.1) and in load
controlled mode also following a sinusoidal waveform according to ASTM E466 [16]. Maximum
stresses for HCF tests ranged from 875 to 600 MPa to obtain an more complete S-N relation.
Fractography on selected tensile and fatigue specimens was conducted using a Zeiss Crossbeam
550 scanning electron microscope (SEM).

Microstructure was assessed on the XY and XZ-planes of tall and small cuboids for the as-
built and heat-treated (HT) conditions. Coupons were prepared for metallography by sectioning,
mounting in epoxy, grinding using progressively finer sandpapers (ranging from 280 to 1000 grits),
and polishing using a ChemoMet pad and 0.05 um colloidal silica to obtain a mirror finish. The
abovementioned SEM was used in conjunction with an electron backscattered diffraction (EBSD)
detector from Oxford Instruments to analyze the microstructure of coupons from Machine 1. As-
built coupons from Machines 2 and 3 were etched using Kalling’s reagent and analyzed using an
optical microscope whereas HT ones were analyzed on backscattered electron (BSE) images
obtained from the SEM. Porosity was represented by relative density and was measured on the
same as-built and HT coupons using an optical method.

Dimensional accuracy and feature resolution were assessed through the linear artifact,
resolution slot, and unsupported overhang. The geometries for the various artifacts have been
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included in Figure 2¢) — e). Measurements on the linear artifact and resolution slot were reported
as recommended in ISO/ASTM 52902 [17]. Linear artifacts from Machine 1 were measured using
calipers whereas the ones from Machines 2 and 3 were measured using a coordinate measuring
machine (CMM). Resolutions slots underwent a go/no-go check using feeler gages for all three
machines. For the unsupported overhang, the surface roughness of the downskin surfaces of each
overhang were measured using an optical method for Machine 1 and a contact profilometer for
Machine 2 and 3.
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Figure 2: Geometries for various test specimens and artifacts.

Results and discussion

Dimensional accuracy and part resolution were evaluated for different machines using
different geometric artifacts and measurement techniques. Firstly, linear positioning accuracy was
evaluated with the use of two linear artifacts oriented along the X and Y directions. The deviations
from the nominal design values have been plotted in Figure 3. In general, Machine 1 dimensions
can be observed to be slightly below the nominal values in both the X and Y directions. Machine
2 dimensions in the X direction can be observed to be above the nominal values whereas the Y
direction appears to be quite close to the nominal. Machine 3 dimensions show more consistency
than the other machines with slightly lower values than the nominal in some cases. The measured
deviation is compounded further away from the datum. Machine 1 dimensions were measured
using a calibrated caliper with an accuracy of +£0.02 mm. Although multiple measurements were
taken and averaged, user error may have affected the measurements resulting in slightly inaccurate
readings when compared to those measured with the use of CMM. Although CMM was used for

367



both Machines 2 and 3, the measurements still vary from the nominal, especially for Machine 2. A
possible explanation for these deviations may be the offset and scaling values input into the build
file. EOS M290 machines require a “fine tune” build to be conducted that is used as a calibration
to offset the laser beam for a specific material and process parameter set, as well as to create
compensations in the X and Y scaling to ensure geometric accuracy is maintained. If these values
were not correctly input into the build file due to operator or measurement error, it may result in
the observed differences.

Linear Artifact Measurement Errors Across Builds
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Figure 3: Linear artifact dimensions in two directions for all three machines.

The resolution slot allows for determination of the minimum slot width that can be
fabricated on an L-PBF system along with the accuracy of fabricated slots. For this, feeler gages
were used to determine each slot width. The reported slot width corresponds to the thickest feeler
gage that was able to pass through the slot. All machines show comparable measurements. In
general, Machine 1 slots tended to be slightly undersized compared to the others. Slots were
measured after SR and it was observed that some powder particles were impinged on the internal
surfaces of the Machine 1 slot effectively decreasing the overall slot width. This could be as a
result of inadequate powder removal during the depowdering stage. Lastly, for the narrowest slot
(0.1 mm), no feeler gage was able to pass through.
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Resolution Slot Measurements
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Figure 4: Resolution slot measurements for all three machines compared to the nominal designed
values.

The downskin surface roughness represented by the line arithmetic mean roughness, Rq,
for each machine has been provided in Figure 5. In general, a decreasing trend in R, for increasing
inclination angle can be observed which is typical of L-PBF parts [18]. Red arrows in Figure 5
point to the 30° and 45° overhang for Machine 1 which did not fabricate successfully causing
significant damage to the carbon fiber brush recoater. As a result, supports were added to the 30°
and 45° overhangs for Machines 2 and 3 to prevent the same occurrence (as pointed to by the blue
arrows). Due to the issues in printing on Machine 1, the surface roughness for the 30° and 45°
overhangs are evidently much higher than the other machines and the data points have not been
included in Figure 5. However, the 60°, 75°, and 90° overhangs are comparable which provides
evidence for good reproducibility in downskin surface quality. Furthermore, consistency can be
observed for measurements taken using both contact and non-contact methods, i.e., profilometer
for Machines 2 and 3, and optical method for Machine 1.
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Figure 5: Downskin surface roughness results for unsupported overhangs at different inclination
angles for all machines.

Chemical composition of the feedstock for each build has been provided in Table 2. Similar

compositions can be observed for Machines 2 and 3 since the same virgin powder was used for

fabrication. Machine 1, however, differs slightly with lower traces of Cr, Mo, and Ti, and higher
Ni content. These differences can be due to the different powder suppliers used and since the

powder used on Machine 1 was reused multiple times prior, resulting in minor changes in
composition. However, the feedstock from each machine can be observed to comply with the limits
established in ASTM F3055.
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Table 2: Chemical compositions of powder feedstocks for different machines obtained from
powder capsules along with the allowable minimum and maximum ranges from ASTM F3055.

Min Max
Element Machine 1 Machine 2 Machine 3 (ASTM (ASTM
F3055) F3055)
Al 0.45 0.43 0.43 0.2 0.8
B <0.005 0.001 0.001 - 0.006
C 0.03 0.03 0.03 - 0.08
Co 0.04 <0.01 <0.01 - 1.0
Cr 18.37 19 19 17.0 21.0
Cu 0.02 0.01 <0.01 - 0.30
Fe 18.16 18.3 18.2 Bal Bal
Mn 0.06 0.02 0.02 - 0.35
Mo 2.85 3.16 3.13 2.80 3.30
N <0.01 N/A N/A N/A N/A
Nb + Ta 4.97 5 4.99 4.75 5.50
Ni 53.93 52.97 53.14 50.0 55.00
P <0.005 <0.005 <0.005 - 0.015
S 0.001 <0.003 <0.003 - 0.015
Si 0.02 0.004 0.004 - 0.35
Ti 0.88 1.03 1.01 0.65 1.15

The particle size distributions for the powder used on each machine are shown in Table 3.
In general, a narrower size distribution can be observed for Machine 1 feedstock. This can be due
to the powder reuse effect which causes powder to agglomerate [19]. The repeated sifting of
powder using a mesh size of 63 um prevented larger particles from passing through resulting in
the lower D90 value as compared to Machines 2 and 3 powders which were virgin.

Table 3: Particle size distributions for powders used on different machines.

Parameter Machine 1 Machine 2 Machine 3
D10 254 18.2 18.2
D50 35.2 31.0 31.0
D90 49.2 49.7 49.7

The as-built and HT microstructure results for each machine have been provided in Figure
6. Grain size has been reported in terms of ASTM grain size number, G, according to ASTM E112
[20]. For Machine 1, average grain size was determined with the aid of EBSD and later converted
to G using the conversion tables in ASTM E112 where larger G corresponds to smaller grain size.
Machine 2 and 3 relied on optical images and the use of the intercept method to determine grain
size of as-built material whereas the HT material was analyzed using BSE images. The grain size
of the as-built microstructure obtained from Machine 1 (G = 8 which corresponds to a grain size
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of 22.5 pm) appears smaller than the others (G = 6.5 which corresponds to a grain size of 37.80
um for Machines 2 and 3) in Figure 6a). This was likely due to the types of measurement technique
used. The use of EBSD may allow for detection of very small grains which could lower the
reported average grain size measurement when compared to the intercept method. Nevertheless,
the morphology of the grains using both methods appears consistent. As-built microstructure of L-
PBF alloys often consists of columnar grains elongated in the build direction [21]. Since coupons
for Machines 2 and 3 were etched and analyzed, the melt pool boundaries can also be observed as
shown in Figure 6¢) and g). For simplicity, only the images taken on the XZ-plane for each
machine were included in Figure 6.
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Figure 6: Grain size comparison among different machines and HT states in a) and b) along with
microstructure on XZ-planes of tall cuboids in c) — h).
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After HT, G can be observed to decrease significantly, i.e., increase in grain size, to G = 4
which corresponds to a grain size of 89.80 um. Recrystallization and grain growth is expected in
IN718 after SR, HIP, and SA at temperatures above 1065 °C [22,23]. Machine 3 microstructure
possesses slightly higher G than the others which could be a result of inconsistent HT or even
variations in the grain size distribution in the chosen sites for measurement. In general, the large
variation observed between the two measurement techniques in as-built material is not noticeable
in HT material. The grains are more regular in shape, allowing for more accurate measurements
using the intercept method and also since BSE images were used for measurement which provided
higher resolution compared to etched coupons.

The relative density of both the as-built and HT material is shown in Figures 7a) and b),
respectively. The as-built material possessed typical process induced volumetric defects in the
form of gas entrapped pores and small lack-of-fusions. On average, Machine 1 showed the highest
as-built relative density whereas Machine 2 showed the lowest. All machines were up to date on
maintenance therefore, machine health was not the cause of the observed difference in relative
density. The likely cause may have been the different feedstocks used. Machine 1 utilized reused
powder from AP&C whereas Machines 2 and 3 utilized virgin powder from Sandvik. There have
been reports in literature that reusing powder can often lead to better achievable packing state
compared to virgin powder as the particles become irregular in shape allowing them to fit better
together than spherical ones [19]. After HT, most defects were eliminated which would have
occurred during the HIP cycle. The relative density for all machines was 99.99%. Measured
relative densities were not rounded up to 100% since some small defects were not completely
removed during HIP.
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Figure 7: Relative density comparison of different machines in a) as-built and b) HT conditions.

The tensile results for each machine have been included in Figure 8. Higher yield strength,
Sy, and ultimate tensile strength, S,, can be observed for Machine 1 whereas the elongation at
fracture, EL, for Machine 1 can be observed to be lower than the others. Tensile strength can often
be linked to grain size; however, based on the results presented in Figure 6, grain size was
comparable. Since IN718 is a y’ and y” strengthened alloy, differences in the resulting precipitate
distribution after HT may affect the strength of the material, particularly the S), more than
differences in grain size. Precipitate distribution, however, could not be determined in this study,
but since Machine 1 material was HT at a different site as Machines 2 and 3, potential for
inconsistencies in the heating and cooling rates as well as the hold times during aging exist. The
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average strengths, however, differed by approximately 20 MPa, which was not significant and
agree with similar material available in the literature [23,24].

Elongation at fracture differs slightly for each machine, with an opposite trend to strength
observed in Figure 8c). Fracture surfaces for different machines were comparable with a well-
defined central region and shear lips at 45° to the fracture plane. As such, only one fracture surface
was included in Figure 8d) for reference. Fracture occurred in a ductile manner leaving fine,
micron-sized dimples on the fracture surface. Possible explanations for the subtle differences
observed in ductility, particularly the lower ductility of Machine 1 specimens, could be the
presence of secondary phases such as carbides in the material which generate stress concentrations
during tensile loading and early fracture [25], or the difference in chemical composition of the
feedstock resulting in lower matrix strength for Machine 1 material.
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Figure 8: Comparison of tensile properties presented by box and whisker plots for different
machines including a) yield strength, b) ultimate tensile strength, and c) elongation at fracture; d)
a fracture surface of one tensile specimen.

The fatigue results for both LCF and HCF from each machine have been included in Figure
9a) and d), respectively. The LCF behavior is quite consistent over all machines with average
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reversals to failure, 2Ny, of approximately 15,000, regardless of subtle differences in chemical
composition and microstructure that may occur. Analysis of the fracture surfaces for all specimens
revealed multiple crack initiation sites near the surface of the specimens (top row of Figure 9).
Crack initiation sites contained crystallographic facets that are indicative of the operation of
persistent slip bands, typical of Ni-based superalloys [25-27]. Process induced volumetric defects,
which can sometimes initiate cracks in L-PBF materials [28,29], were mostly removed during HIP
therefore, none can be observed on the fracture surfaces.

Comparing the HCF results for each machine, it can be observed that there is a small
separation between the specimens from Machine 1 and the other two machines. Overall, the HCF
behavior of all machines appears to be comparable, however, one outlier for Machine 1 tested at
675 MPa exists. The fracture surface for this specimen has been included in Figure 9¢) and f). A
large crystallographic facet near the center of the specimen can be observed at the crack initiation
site. Compared to other specimens, the size of this facet was much larger. Some correlations
between facet size and HCF life have been explored in literature where larger facets often correlate
with lower HCF life. Nevertheless, other specimens exhibited similar fracture surfaces with single
initiation sites, unlike LCF specimens. Crack initiation sites were mainly near the surface of other
specimens.
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Figure 9: LCF and HCF results for different machines in a) and d), respectively. Fractography of
one specimen representative of other specimens for LCF in b) and c). Fractography of the outlier
HCF specimen tested at 675 MPa in e) and f). Red arrows point to crack initiation sites.
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Conclusions

This study assessed the reproducibility of IN718 parts on three separate EOS M290 systems
through micro-/defect-structure, tensile and fatigue behavior, and dimensional accuracy. The
following conclusions can be drawn from the experimental results and analyses:

1. Dimensional accuracy across all builds did not differ significantly, however, minor
differences could relate to measurement techniques used and machine specific parameters
such as scaling factors.

2. Microstructures across all builds were visually consistent and the observed differences in
grain size were likely because of the different measurement techniques used.

3. Mechanical behavior including tensile and fatigue was comparable across all builds,
however, some minor differences may have been induced by variations in heat treatment
and mechanical testing at different sites.

4. Parts can be reproducible on similar L-PBF systems provided they pass all necessary
qualifying checks. All differences observed may be related to testing and characterization
techniques, as well as feedstock and post-processing procedures rather than machine
variability.
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