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ABSTRACT

Contour scanning and process gas type are process parameters typically considered achieving second
order effects compared to first order factors such as laser power and scanning speed. The present work
highlights that contour scanning is crucial to ensure geometrical accuracy and thereby the high perfor-
mance under uniaxial compression of complex Alloy 718 lattice structures. Studies of X-ray computed
tomography visualizations of as-built and compression-strained structures reveal the continuous and
smooth bending and compression of the walls, and the earlier onset of internal contact appearance in
the denser lattices printed with contour. In contrast, the effect of addition of He to the Ar process gas
appears to have limited influence on the mechanical response of the lattices and their microstructure
as characterized by electron backscattered diffraction. However, the addition of He proved to significantly
enhance the cooling rate and to reduce the amount of the generated spatters as evidenced by in situ mon-
itoring of the process emissions, which is very promising for the process stability and powder reusability

during laser powder bed fusion.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Metal laser powder bed fusion (LPBF) allows to produce complex
geometry components by selectively melting a bed of micron-sized
powder in a layer-wise approach. This process is also designated as
laser-based powder bed fusion of metals (or PBF-LB/M) by the inter-
national standard ISO/ASTM 52900:2021 [1]. This manufacturing
route permits to reconsider and revise designs to benefit from the
possible integration of different functions, such as load bearing
and heat transfer, while optimizing material utilisation to ensure
lightweight structures. This approach is applied to develop cellular
materials or lattice structures with unique properties, among which
high specific strength, energy absorption, thermal and acoustic
properties can be optimised [2]. More particularly, 316L stainless
steel gyroid lattice structures have been identified as exhibiting
globally increasing strain hardening and desirable energy absorp-
tion performance [3,4]. As underlined by Yan et al. [5], the gyroid
lattice is characterised by smooth struts and a round core, offering
a continuous variation of inclination angle of surfaces of the cell,
without abrupt changes typical for structures with beam-like
struts. This confers the gyroid structure with self-supporting
properties particularly suitable for printing without support
structures.

Special interest lies in the combination of the Alloy 718 material
properties and the gyroid lattice design. Alloy 718 is a superalloy
developed since the early 1950s for jet engine applications and
recently designed aeroplanes still depend on this alloy [6]. It is a
nickel-iron based alloy characterized by high mechanical strength
and corrosion resistance at operating properties close to 650 °C [6].
These properties have also made it an interesting material for the
oil and gas industry in applications such as valves, cryogenic stor-
age tanks and heat exchangers. As emphasized by Parbat et al. [7],
the lattice design can further improve the properties of heat
exchangers by enhanced mixing and convection utilizing the
extended surface area.

Despite the freedom of design granted by LPBF, deviations of
produced geometries from the initial CAD file at the
sub-millimetre scale stem from the difficulty to control the melt
pool stability and optimize the process parameters [8]. Indeed, sev-
eral studies report that the thickness, shape and connection of the
lattice elements depends on the melt pool size [9,10]. First order
parameters are typically considered to include the laser power,
scanning speed, hatch distance and layer thickness. Still, the inves-
tigations by Artzt et al. [11] reveals that variables such as scanning
strategy and contour parameters can have a major influence on the
surface roughness and residual stress of simple cuboids and there-
fore geometry accuracy. Typically, a trade-off between optimised
process parameters, for high density and mechanical properties,
and reduced build rate is desirable for the further adoption of LPBF
[12]. It is therefore paramount to evaluate the impact of contour
scanning on structures with extensive amount of surfaces such as
lattices, both in terms of performance and productivity.

Besides the above-mentioned parameters, the LPBF process
atmosphere has also been identified as a factor influencing melt
pool stability. Processing Ti-6A1-4V under pure He instead of the
traditionally employed Ar permitted to significantly stabilize the
melt pool as reflected by the reduced generation of visible
incandescent spatters [13]. Similar results were obtained by Traore
et al. [14] for Inconel® 625. More recent results [ 15] put in evidence
that intermediate mixtures of He with Ar still offer the same bene-
fits. These hot spatters are process by-products — metal ejections —
from or produced close to the melt pool, driven by vaporization and
Marangoni effects. Their generation is associated with reduced and
inhomogeneous laser energy input to the material and leads to
quality loss of the manufactured component. In addition, recent
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work highlighted that the production of Alloy 718 lattice structure
compared to bulk material tends to promote powder bed degrada-
tion [16]. The manufacturing of a capsule with integrated dense
body-centered tetragonal lattice was associated with a slight oxy-
gen pick-up of the surrounding powder bed (~5% compared to fresh
powder) analysed by combustion analysis. This finding was consis-
tent with a small increase of the normalised oxygen content close to
the particles surface measured by means of X-ray photoelectron
spectroscopy. The authors connected this degradation to concen-
tration of spatters in the powder bed surrounding the lattice struc-
tures. In light of these results, He addition to the traditional Ar
should be further investigated as to their effect on lattice geometry
accuracy and spatter generation.

The present study provides new insights on the relationship
between process parameters, including the influence of contour
scanning and the addition of He to Ar as process gas, the LPBF pro-
cess stability and the produced Alloy 718 gyroid lattice geometry
and mechanical performance. Alloy 718 gyroid lattices were man-
ufactured with the in situ monitoring of the spatter generation, and
were further evaluated by X-ray computed tomography, high res-
olution scanning electron microscopy and under uniaxial compres-
sion testing.

2. Experimental method
2.1. Lattice production

The Alloy 718 lattice structures studied in this work have been
produced on an EOS M290 machine (EOS GmbH) equipped with an
Yb-fibre laser of 400 W nominal power, a laser spot diameter of
approximately 100 um and a total build envelope of
250 x 250 x 325 mm?>. The design of the built lattices is presented
in Fig. 1 and consists of a gyroid structure, first described by
Schoen in 1970 [17], which belongs to the family of triply periodic
minimal surfaces (TPMS). Minimal surfaces have a zero mean cur-
vature and TPMS are such that they repeat themselves in three
dimensions and form a lattice. The gyroid lattices examined in this
study fill a volume of 10 x 10 x 10 mm?, and the nominal CAD
geometry has a relative density of approximately 0.41. The distri-
bution of nominal wall thickness of the lattice is presented in the
results section and compared to that of the printed lattices as mea-
sured by X-ray computed tomography, see Fig. 6. Lattices based on
this design were produced using a 40 um layer thickness, on top of
3 mm high dense support structures. Two sets of laser parameters
were used to print the lattices i.e., with and without contour scan-
ning, presented in more detail below.

The gas atomised virgin Alloy 718 powder used as feedstock
was supplied by Hégands AB, Sweden. Its particle size distribution
as measured by laser diffraction using a Mastersizer 3000 (Malvern
Panalytical) was as follows: D1g = 17.8 £ 0.1 um, Ds¢ = 30.1 = 0.1
pm, Dgg = 49.5 £ 0.2 um.

Fig. 2 displays the layout of the build job conducted, where the
colour of the lattices is specific to the laser parameters used. For
five positions on the baseplate, two lattices per parameter set were
printed. The first set of parameters is under the license IN718_Per-
formanceM291 2.11. It is a tailored combination of laser parameters
(scanning speed, power, hatching distance, etc.) and features an in-
fill scanning sequence (to scan the interior of the area to be
scanned), up- and down-skin scannings for the upward and down-
ward facing surfaces, as well as contour scanning where the laser
draws the contour of the scanned area. The in-fill scanning follows
a stripe scanning strategy with a rotation of 67° of the scan vectors
between layers. The contour scanning is characterized by a slightly
reduced linear energy input compared to the in-fill. The second set
of parameters used is based on the first set, but the contour scan-
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Fig. 1. CAD design of (a) the unit cell and (b) the lattice structure, including a 1 mm thick support; (b) photograph of produced lattices, with a total thickness of bulk support

of 3 mm.

Top view of the baseplate

Recoater

MO sBD)

=< (250 mm)

X (250 mm)

With contour

Side view

Fig. 2. Layout of the build job on the baseplate of the EOS M290: (a) Top view, (b) Side view on row of lattices, (c) Close-up on the cross-section of the lattices in the XY plane
depicting the laser scan vectors. The green lattices are built with contour scanning and the blue ones without. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

ning is removed. The inserts in Fig. 2 show in more detail the path
of the laser for the two sets. Additionally, dense cubes of dimen-
sions 10 x 10 x 10 mm° produced with the same laser parameters
were used as reference for porosity and microstructures.

The described build job was conducted under both the standard
Ar atmosphere and a mixture of Ar and He referred to in this work
as ADDvance® Laser230, see properties in Table 1. Both gases are of
high quality with less than 40 ppm impurities. As described else-
where [18], the LPBF process atmosphere is established by flushing
the process chamber with the shielding gas until the residual oxy-
gen is detected to be equal or less than 1000 ppm (or 0.1%). This is
followed by a recirculation of this gas thanks to a pump that estab-
lishes a constant gas flow over the baseplate of approx. 2.2 m/s.

2.2. Process monitoring

The LPBF machine EOS M290 was equipped with the optical
tomography monitoring system (EOSTATE Exposure OT) also pro-
vided by the machine manufacturer. It was used during this work
to study the generation of spatters during the process. The system

Table 1

uses an off-axis 5-megapixel high-speed scientific complementary
metal-oxide semiconductor (SCMOS) camera at the top of the build
chamber observing the full powder bed, so that each pixel corre-
sponds to a specific position on the layer, with a resolution of
125 um per pixel. A geometric correction is applied to the images
by the machine software to compensate for the non-central posi-
tion of the camera. A bandpass filter passing signals with wave-
length 900 + 12.5 nm is placed on the camera, so that
contribution from backscatter laser radiation (1064 nm), thermal
radiation in the visible light (~380-780 nm) and plasma radiation
from evaporation and ionization of gases (400-600 nm) are cut
[20]. As one layer is scanned by the laser, digital images are col-
lected with a 10 Hz frequency, and combined into a single output
image per layer. In this work, each pixel of this single output image
represents the maximum intensity at its corresponding position on
the exposed layer during the complete laser scanning. The value of
a pixel is connected to photon emission at the corresponding posi-
tion during the laser scanning of the powder layer. With this setup
only the emissions in the near-IR range contribute to the greyscale
image. The contribution to each pixel can be caused by the thermal

List of gas properties at atmospheric pressure relevant to this study (from Linde’s internal data).

Gas Density (kg/m?) Specific heat capacity at Volumetric heat capacity (J/(m>-K)) Thermal conductivity at 25 °C (W/(m-K))
constant pressure (J/(kg-K))

Ar 1.62 520 842 0.016

ADDvance® Laser230 1.18 734 866 0.035

He 0.16 5190 830 0.142
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radiation when the laser melts and/or heats the position corre-
sponding to this pixel, or by the radiation from hot objects at that
same position such as flying hot spatters.

All the images collected for each build job were further anal-
ysed in terms of spatter intensity and 3D spatial repartition with
the software Dragonfly (Dragonfly 2020.1, Object Research Sys-
tems (ORS) Inc, Montreal, Canada, 2020) and in terms of spatter
density, i.e. amount of spatter reaching each pixel, with the public
domain Image] shareware [19]. For the 3D analysis, multiple image
segmentation operations were applied to extract the volumes of
the parts and of the spatters with a distinction based on intensity
with three levels of brightness. While considering the brightest
pixel in the image stack to have a 100% intensity, the “high inten-
sity” spatters are between 1.5% and 13% of intensity (represented
in red in the result images), the “medium intensity” spatters are
between 1.2% and 1.5% intensity (orange) and the “low intensity”
spatters are between 0.9% and 1.2% intensity (yellow).

For the 2D analysis of spatter density, the methodology is fully
detailed in a dedicated publication [20]. In brief, firstly the pixels
values corresponding to the scanned areas with the largest contri-
bution from melt pool radiation were cropped away to only con-
sider the outside pixels and study emissions from outside the
parts corresponding to spatters. Similarly, images corresponding
to the support of the lattice were removed to only consider lattice
scanning emissions. Then, a threshold was applied to identify the
spatter in the images from all the layers, and the corresponding
pixels were attributed a value of 1. The images from the entire
build are added together so that the grey level of each pixel repre-
sents the amount of spatter having reached that pixel. In the final
image, the darker pixels correspond to the highest amounts of
spatter. In other words, if a pixel is black, a spatter has reached
the pixel in 100% of the layers while if a pixel is white, a spatter
has reached it in 0% of the layers. Finally, isolines of equal pixel
amounts are drawn to help the interpretation of results.

2.3. Compression testing

Quasi-static uniaxial compression testing of the lattice struc-
tures was performed at room temperature following requirements
described in ISO 13314:2011[21]. An Instron 5500R electro-
mechanic machine equipped with a 100 kN load-cell was used
for the tests, and the LVDT displacement sensor was used for strain
measurement. Before testing the lattices, the machine compliance
was determined and used to compensate the displacement mea-
surement by subtracting the machine deflection as a function of
applied force. This is required to correctly compute the strain in
the lattices.

The tests are performed at a constant crosshead speed of
0.01 mmy/s, to achieve an initial compression strain rate of about
1073 s~ 1. For each lattice type and process gas, a preliminary test
was performed to estimate the plateau stress, to determine the
start and reversal point of the hysteresis loop for the following
tests. This hysteresis loop permits to determine the elastic gradient
(analogous to the Young’s modulus of bulk materials) of the struc-
tures. From the recorded preliminary tests, the hysteresis loop for
the lattices produced with contour scanning was performed
between 20 kN and 5 kN, and for the lattices without contour
between 12 kN and 3 kN. The compression continues after the hys-
teresis cycle up to a force of 90 kN.

From the recorded data, the following results were extracted:
the plateau stress taken between 20% and 30% strain, the plateau
end stress defined as 1.3 times the plateau stress, the correspond-
ing plateau end strain, the quasi-elastic and the elastic gradients.

Additional compression tests were performed to compare the
spring-back of the two kinds of structure at intermediate remain-
ing strain levels of approximately 16% and 35%, by recording the
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unloading part of the curve. These specimens were also examined
using X-ray computed tomography (see below) to characterise the
shape of the deformed geometries and to identify possible internal
contacts.

2.4. X-ray computed tomography

For each process gas and parameter set, one as-built lattice
underwent laboratory X-ray computed tomography (XCT) to deter-
mine dimensional accuracy. Also two pre-strained structures (to
16% and 35%) were scanned to observe the deformation. XCT scan
was performed using a Sauervein system, working with a X-ray
tube voltage of 90 kV and a current of 210 mA and a voxel size
of 12 um. The thin foils of 0.25 mm of Cu and 0.25 mm of Ag were
used as physical filters of the X-ray beam. VG Studio Max 3.1 soft-
ware package was used for visualization, nominal-actual compar-
ison (NAC) with the lattice CAD design and the wall thickness
analysis using the sphere method.

2.5. Microscopy

High resolution scanning electron microscopy (HR SEM) using a
LEO Gemini 1550 was conducted to image the surface morphology
of the produced lattices. Prior to that, the lattices were ultrasoni-
cally cleaned in ethanol and dried in a vacuum chamber. The lat-
tices were mounted in resin to observe their cross-section along
the building direction (Z) and perpendicular to it (XY). The samples
were prepared following the recommendations from Struers until
achieving mirror finish and a last polishing step with OP-S suspen-
sion [22]. The polished cross-sections were observed using a light
optical microscope (LOM) ZEISS Axioscope 7. The software Image]
was used to measure the internal porosity on these polished
cross-sections.

Electron backscattered diffraction (EBSD) was finally conducted
using the HR SEM equipped with a Nordlys II detector (Oxford
Instruments) and the HKL Channel 5 processing software to deter-
mine grain boundaries and orientations. An acceleration voltage of
20 kV was used with a step size of 1.5 pm. Minor noise reduction
was applied on the recorded orientation maps, i.e. wild spikes
removal and minor noise reduction (7 nearest neighbours
required). The high angle grain boundaries were defined by a
misorientation greater than 10°.

3. Results
3.1. Spatter generation

The quantity of collected spatters under Ar and the Ar-He mix-
ture were rather similar, with about 0.1 g deposited on the gas inlet
and 0.4 g inside of the gas outlet. Fig. 3 shows the images obtained
from the post-processing of the EOSTATE Exposure OT data. Fig. 3
(a, b) displays all the detected spatters for a given row which is
representative of all (similar results in all groups). Three colours
are used and correspond to high (red), medium (orange) and low
(yellow) intensity spatters as explained in 2.2. Spatters describe
segments from the part edges to the outside. Each segment corre-
sponds to the trajectory of a spatter which temperature is high
enough to emit radiation in the near-IR wavelengths. The high
intensity — hotter - spatters, concentrated close to the lattice
edges, appear in higher amount with Ar compared to Ar-He.
Regardless of the detected intensity, the spatter trajectories are
significantly shorter with the addition of He to the process gas,
which is associated to higher cooling rates of spatters. In addition,
according to the lattice placements displayed in Fig. 2, it is clear
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10 mm

Fig. 3. Data collected with the monitoring system for a row of two lattices with contour (left) and two lattices without contour (right). (a-b) Reconstructed 3D image of all the
detected spatters in Ar and Ar-He (yellow corresponds to low intensity spatters, orange to medium intensity pixels, red to high intensity pixels), (c-d) Images depicting
spatter density, obtained by the addition of the all layer images (after binarization) for Ar and the Ar-He mixture. Isolines corresponding to 46% (green), 15% (purple), 3%
(yellow) and 0.4% (red) of layers having a spatter at the concerned pixel location, are displayed for better visualisation. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

that spatters are reduced when no contour scan is applied, in other
words with reduced scanned length per part.

The proposed method to analyse this EOSTATE Exposure OT
data permits to observe the density of generated spatters with
intensities above a threshold which is kept constant for both gases.
The resulting image has values depending on how many spatters
(above the threshold) have reached that pixel (position on the
baseplate). Therefore, the density as described herein is not strictly
disconnected from the length of spatter trajectory and thus cooling
rate. Still, as the isolines are more distanced from the lattices’
edges in Ar compared to Ar-He, it is clear that both the amount
of spatter is higher and that their cooling rate is lower in Ar com-
pared to Ar-He.

3.2. Surface morphology and dimensional accuracy

Fig. 4 depicts the morphology of the front side of the lattice
structures produced under Ar with and without contour scanning.
As suggested by the reconstructed XCT slices along the building
direction (“BD” in Fig. 5), the surfaces of the lattices built without
contour scanning appear rougher with more sintered particles and
apparent lack of bonding, independent on the gas atmosphere. The
up-skin layers are smoother than the down-skin where the par-
tially molten powder particles are attached. This is valid for all
types of lattice samples (Fig. 5).

Fig. 6a shows the deviation of the actual lattice dimensions
from the CAD design. Lattice structures with contour show the
maximum deviation around zero values, showing high manufac-
turing accuracy. In contrast, the samples without contour have
the maximum deviation shifted to around -50 um, meaning that
the wall thickness is smaller than for samples with contour. This
is also supported by the wall thickness analysis shown in Fig. 6b
and visualized in Fig. 5. The mean wall thickness for samples with

contour was 0.28 + 0.05 mm and for samples without contour 0.
20 £ 0.06 mm. The wall thickness distribution of the CAD design
is also presented on the plot, and it lies closer to the wall thickness
of the structures produced with contour. The relative densities of
the two structures were also determined to be 44% for the samples
with contour scan and 30% for the samples without contour scan.
The differences in geometry and relative density have to be taken
into account when evaluating the mechanical performances.

This result could be expected from Fig. 2c, as the distance - also
called offset - of the scan vectors of the in-fill region to the nominal
part edges was unchanged. In future work, additional parts with-
out contour could be produced by adjusting the offset of these scan
vectors, to reduce the frequency of negative deviations seen in
Fig. 6a. Despite this adjustment, the broad distribution of wall
thicknesses depicted in Fig. 6b for samples without contour scan-
ning would still be present.

3.3. Porosity and microstructure

Fig. 7 displays the XY cross-section of the lattices imaged by
LOM. It highlights that small spherical pores are present within
the nodes and walls of the gyroid structure for all conditions. For
all lattices, an internal porosity of about 0.4% was obtained, while
less than 0.1% was measured on the cross-section of the bulk refer-
ence cubes. The pore morphology suggests that these are gas
porosities formed in the thin walls and nodes of the structures.
The porosity distribution appears similar for the two gases. The
presence of this porosity may be owing to the fact that standard
parameters are optimized for bulk parts. It could be that in the thin
features (walls and nodes), there is less re-heating/-melting of the
deposited material and thus less porosity healing possible than in
for example solid cubes.
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Wall thickness
0.48

Fig. 5. XCT reconstructed slice along the building direction for lattices (a) without contour under Ar-He, (b) with contour under Ar-He. The colouring represents wall
thickness distribution, see scale bar to the left.
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Fig. 6. (a) Deviations obtained by nominal-actual comparison (NAC) analysis, (b) wall thickness distribution.
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Without contour

Fig. 7. Light optical micrographs of the XY cross-sections of the lattices built under Ar and Ar-He atmospheres with and without contour scan. Note: axis Z corresponds to the

building direction.

Fig. 8 displays the EBSD orientation maps in the building direc-
tion of the XY cross-sections of the nodes of the lattice structures. It
reveals that the nodes in the lattices built without contour mostly
exhibit edges with partially melted or sintered powder particles,
poorly bonded together, while the microstructure at the centre of
the nodes exhibit larger grains recalling that of bulkier structures
such as cubes. For comparison, similar maps are displayed for the
XY cross-section of a standard cube in Fig. 9. Along the building
direction, on the Z cross-section both the lattice structures and
the standard dense cube exhibit grains slightly elongated in the Z

Ar-He

direction. For the lattice, the down-skin is clearly characterized
by the presence of sintered particles. Regardless of the process
atmosphere, the orientation of the grains appears rather random
as depicted by the IPF colouring.

3.4. Mechanical performance

Fig. 10 displays the stress—strain response under compressive
loading of all tested specimens. The compressive stress measure
is the engineering stress computed with a nominal cross-

Ar

Without contour

Fig. 8. EBSD orientation maps in the building direction of the nodes of the lattice structures on the XY cross-section, built under Ar-He and Ar, with and without contour

scanning.
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Lattice (Z)

Fig. 9. EBSD orientation maps in the building direction of the bulk of a standard cube on the XY and Z cross-section, and of a lattice on the Z cross-section.
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Fig. 10. (a) Compression curves of all the tested lattices. C stands for Contour and S
for without contour; (b) First derivative of the stress as a function of strain.

sectional area of 100 mm?. A clear difference in behaviour can be
noted between the structures produced with and without contour
scanning, while the effect of the atmosphere appears minor regard-
ing the mechanical performance. Still, all samples do exhibit a
three-stage deformation behaviour, with an initial stiff regime, fol-
lowed by a long steady plateau region, and finally a rapid increase
in stress corresponding to escalating densification of the com-
pressed structure. As observed by Zhang et al. [3] and Liang et al.
[4] for gyroid stainless steel structures produced by LPBF, a contin-
uous and smooth hardening behaviour is recorded, without dis-
tinct peak stress and without the stress fluctuations often seen in
other metallic cellular structures of similar relative densities. Such
variations are typically caused by localised buckling of thin walls,
collapse of entire layers or shearing of internal planes.

The lattices built with contour, with a higher relative density
(44% dense) compared to the second type of samples (30% dense),

exhibit both a higher elastic gradient (about 2.7 times) and a twice
as high plateau stress, see Table 2. Fig. 10 suggests a more rapid
densification of the structure built with contour from around 50%
strain, which can be connected to the larger wall thickness result-
ing in earlier contact of the gyroid structure walls.

Babamiri et al. [23] compared the mechanical properties of
Alloy 718 bulky samples, under compression and tension in as-
built state. They measured a Go5 of 618 MPa in compression and
524 MPa in tension. Following heat treatment, they obtained sim-
ilar oo, in tension (1100 MPa) as that reported by the manufac-
turer of the machine used in the present work (1145 MPa [24]).
As recalled by Maconachie et al. [25], the Gibson-Ashby model is
widely used to predict the properties of cellular structures such
as lattices. For structures exhibiting a steady plateau, and thus with
a bending-dominated response, the following relationship
between the strength of the bulk material and that of the lattice
was proposed [26]:

3
Olattice -C (plattice) ’
Obulk Pbulk

where Gjice and Oy are the strength of the lattice and corre-
sponding bulk material respectively, p,,ice/ Poui 1S the relative den-
sity of the lattice (measured in this work by XCT), and C is the
Gibson-Ashby constant which is empirical and depends on the unit
cell topology and geometry. Based on the measured offset yield
strength with and without contour (see Table 2) and the bulk com-
pressive properties from [23], C is estimated to be 0.8 in the present
work.

Thanks to the continuously increasing stress response during
compression of the gyroid structures in this study, the potential
for energy absorption is very high. The Alloy 718 lattice structures
produced seem to counterfeit simple buckling of struts and thus
invoke plastic deformation in a large part of the volume. It is
expected that if the material would be used in a crash box or sim-
ilar application, it would not collapse but continuously deform giv-
ing a more and more dense structure, with the energy absorbed
proportional to the integrated area below the curve in Fig. 10a.
The energy absorption for the structure built with contour scan
is approximately twice as high although the relative density is less
than 50% higher. The structure built with contour scan thus has the
highest specific energy absorption.

The uneven deformation commonly seen in compression of less
dense metallic cellular structures are typically caused by localised
buckling of thin walls, and collapse of entire layers or shearing of
internal planes, see for example [27,28]. In solid beams intended
for energy absorption (crash beams, crash boxes), bending defor-
mation rather than buckling has to be accomplished by geometri-
cal notches or local thermal treatments. In the current rather dense
gyroid structures, the function is built-in from the start. It should
be highlighted that this gyroid design could be further optimised
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Table 2
Properties of the gyroid lattices derived from the compression tests.
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Condition Average plateau stress, Average plateau end strain,

Quasi-elastic gradient,

Elastic gradient,

0.2% offset yield strength (cg>),

MPa % GPa GPa MPa
Ar with contour 2725 %45 46.2 £ 0.5 76+1.6 26.5+1.1 14151 +£5.9
Ar-He with contour 275.0£2.5 46.1 £ 0.1 72+15 279 £ 0.5 1431 £2.7
Ar without contour 131.8 £ 0.9 48.7 £ 0.5 42+03 123 £0.2 813938
Ar-He without 1319 +1.1 49.1 £ 0.5 52+03 124 £ 0.1 775+ 1.7

contour

for energy absorption applications by reducing its relative density
(here nominal value 0.41) while keeping a minimum wall thick-
ness, to achieve higher densification strain, still with a constant
plateau region.

4. Discussions

The collection of the emissions in the near-IR range for each
printed layer with the EOSTATE Exposure OT system highlights
that Alloy 718 spatters emitting light in these wavelengths cool
faster with addition of He and are reduced in amount. These find-
ings are in good agreement with the reduction of incandescent Ti-
6AIl-4V spatters with He investigated by means of shadowgraphy
[29]. It was shown that such generations were reduced by 60% in
pure He and that their cooling rates were approximately twice
those observed in pure Ar. Similar amount of Alloy 718 spatters
were collected in the present work at the gas inlet and outlet. It
could be that the build volume utilisation is too little to generate
significant differences in that respect. While evidence of faster par-
ticle cooling with He were collected, the microstructural investiga-
tions of the produced gyroid structures highlight very similar
solidification structure regardless of the process atmosphere.
Indeed, similar grain morphology and orientation were derived
from the EBSD evaluation, and cell sizes observed by SEM
remained comparable. This correlates well to the previous work
conducted on 316L stainless steel processed under Ar, N, and He
[30], where the generally reported (101) preferential orientation
in the building direction was obtained regardless of the process
gas. The effect of He on the spatter cooling was previously dis-
cussed in [29], by comparing the particle-to-gas convection in Ar
and He considering the heat transfer coefficient (h) upon cooling
of a particle under each gas. It was shown that hy, prevails signif-
icantly over ha,. When considering the deposited material and the
melt pool, it is expected that the observed reduction of spatter gen-
eration is associated with a more continuous energy input and
stable melt flow. Still, the heat transfer during melt pool cooling
is dominated by heat conduction to the layers below; the impact
of gas convection is small as compared to the case of a particle sur-
rounded by gas. Radiation of heat is more efficient during the flight
of the particle. This is the proposed explanation to the differences
observed in terms of spatters but not of deposited material.

Another important reduction of recorded spatter signal was
observed when the laser contour scanning was not applied as
noted from Fig. 3. For each gas, the reduction observed for struc-
tures without contour is solely attributed to a decrease in spatter
amount and not their cooling rate because of the increased
scanned area of the part by laser. This total scanned area for each
printed part may have important consequences for the total time
required to scan each layer. Therefore, it is of interest to consider
the contribution of contour scanning to the overall build duration
and its effect on productivity. For simple and dense geometries
with few surfaces such as cubes, contour scanning takes up a very
small part of the overall laser path. However, for lattices of high
specific surface area, the contour becomes more dominant. The
build preparation software EOSPrint 2.8 provided by the machine

manufacturer allows to estimate the build time for a defined print
job, considering both recoating and exposure time contributions.
Table 3 lists the computed duration for different build job configu-
rations presented in Fig. 11. The recoating time is calculated from
the number of layers and the recoating speed (here 80 mm/s).
Hence, for all the configurations with constant lattice height the
recoating time is constant and equal to 1 h 30 min. For comparison,
similar calculations were conducted for more conventional and
bulky part design: rings with 25 mm internal diameter, 80 mm
outer diameter and 48 mm height (resulting in about 4 times more
layers than the lattices), see Fig. 11. From the results presented in
Table 3, it is evident that the contribution of contour scanning to
total build time are only relevant to components with a large sur-
face area per unit volume. Also, judging from the density measure-
ments made in this study, the contour scan added more material,
and gave much better agreement with the nominal CAD geometry.
In essence, the build time comparison would be even more benefi-
cial for contour scan, using modified CAD geometries yielding the
same final net shape and density.

Addition of He to the process gas and printing without contour
scanning both lead to a reduction of the generation of spatter.
However, only the removal of the contour scanning has a very
determining effect on the final gyroid dimension as compared to
the input design, see Figs. 6-8. Overall, the absolute deviation
obtained by NAC analysis increased when contour scanning was
not applied, and the wall thickness decreased. This effect is held
responsible for the impaired compressive properties recorded,
see Fig. 10. In addition, as discussed by Catchpole-Smith et al.
[31], the sintered particles on the inner walls of the lattices printed
without contour as seen in Fig. 8, will have reduced thermal trans-
port ability because of the poor metallurgical and physical bond to
the structure. This aspect should be kept in mind when designing
components such as heat exchangers.

To further compare the deformation behaviour of the lattices
produced with and without contour scanning, intermediate com-
pression tests were performed up to intermediate strain levels, as
displayed in Fig. 12. The strain levels were selected to be at the
beginning and towards the end of the steady plateau regime, see
Fig. 10. The pre-strained samples were then evaluated by XCT fol-
lowing an identical procedure as for the unstrained specimens, see
Figs. 13 and 14. Both sections displaying the vertical and horizontal

Table 3

Build job duration computed using EOSPrint 2.8 for different configurations. In
parenthesis, the reduction in duration is given taking the equivalent configuration
with contour settings as reference.

Build job configuration Total build time

1 lattice with contour 1 h 46 min

1 lattice without contour 1 h 42 min (-3.8%)
20 lattices with contour 7 h 00 min

10 lattices with contour + 10 without contour 6 h 20 min (—9.5%)
196 lattices with contour 55 h 25 min

196 lattices without contour 40 h 23 min (-27%)
4 large rings with contour 138 h 20 min

4 large rings without contour 136 h 28 min (—2%)
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4 large rings

Fig. 11. Considered build job configurations for the analysis of productivity and effect of contour scanning with 196 gyroid lattices and 4 large rings.

300 r

Ar-produced lattices

With contour

Without contour

Compressive stress, MPa

20 25 30 35

Compressive strain, %

0 5 10 15 40

Fig. 12. Compression curves of Ar-produced lattices up to intermediate strain
levels.

walls of the gyroid structures are presented. As mentioned above,
the gyroid structure seems to utilize the material in a favourable
way, inducing bending and compressive deformation rather than
buckling of struts. The Euler buckling resistance (critical load of
elastic buckling) of individual struts would with some approxima-
tion be proportional to the thickness of the struts raised to the
power of 4 based on the area moment of inertia. Using the mea-
sured average thicknesses, 0.20 mm without contour scan, and
0.28 mm with, the expected ratio between the critical buckling
load would be 3.8. Since plastic deformation of the structure is
invoked early, it might be more suitable to compare the beam
bending resistance, which would rather be proportional to the
thickness raised to the power of 3. This gives a scale factor around
2.7 which is closer to the observed relation in stress responses
(2.0). A plausible explanation to this difference is that only parts
of the structure are activated for plastic deformation.

It is evident from the XCT that in both structures little internal
contacts occur before 16% strain, but at 35% remaining strain there
is densification in the inner parts of the samples, stronger in the
samples with contour scan. The complicated gyroid geometry is

Wall
thickness (mm)

0.48

Fig. 13. XCT reconstructed cross sections of the pre-strained sample without contour produced in Ar for: (a) vertical walls ~16% pre-strained, (b) horizontal walls ~16% pre-
strain; and (c) vertical walls ~35% pre-strained, (d) horizontal walls ~35% pre-strain.
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Wall
thicknress-(mm)
0.48

Fig. 14. XCT reconstructed cross sections of the pre-strained sample with contour for: (a) vertical walls ~16% pre-strained, (b) horizontal walls ~16% pre-strain; and (c)

vertical walls ~35% pre-strained, (d) horizontal walls ~35% pre-strain.

of course not directly comparable to pure buckling or bending of
straight beams, and further modelling using Finite element analy-
sis would be necessary for precise evaluation of the deformation
modes. A challenge is the contact simulation, when internal con-
tact occurs and start transferring significant portions of the force.

5. Conclusions

Contour scanning appears necessary to ensure high geometrical
accuracy of complex components produced by laser powder bed
fusion. The nominal strength of as-built Alloy 718 lattices was
shown to increase with the scanning of contours (Go, ~ 140 MPa
with contour and ~80 MPa without), partly because of the higher
relative density (0.44 compared to 0.33). Still, even without con-
tour scanning, the produced lattices exhibit a continuously increas-
ing stress response under compression, very desirable for energy
absorption applications. XCT of the as-built and compression-
strained lattices highlighted that these gyroid structures utilize
the material in a favourable way showing bending and compres-
sion deformation without strut buckling. This is also depicted in
the stress—strain curve; densification appearing earlier for the lat-
tices built with contour, yields stronger hardening. Similar
responses under compression and similar microstructures of the
as-built lattices were obtained for the two process gases used (Ar
and a mixture of Ar-He). This suggests that the higher thermal con-
ductivity of the process gas did not significantly impact the cooling
rate and solidification of the deposited Alloy 718 material. Still, an
important reduction in spatter temperature and quantity with Ar-
He mixture was registered using the monitoring system of the
printer which collects radiation from the baseplate in the near-
infrared range. This is particularly promising to increase process
stability and limit powder bed degradation, enhance powder
reusability and the process sustainability.

Data availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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