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ABSTRACT

Developments in additive technologies have enabled the production of porous lattice
structures from a wide range of metal alloys. These can be used to replace solid material and
produce components with significantly reduced mass or higher heat dissipation. In addition,
the combination of lattice structures and magnesium alloys potentially enables the
production of biodegradable implants that promote bone tissue ingrowth and exhibit
mechanical properties close to those of bone tissue due to the magnesium alloy. For the
potential application of such components in various industries, it is necessary to ensure high-
quality production. This is associated with a high relative material density, low surface
roughness and high dimensional accuracy. Lattice structures are difficult to process after
production, which places high demands on the production itself. Laser powder bed fusion
need the selection of suitable process parameters that lead to a minimization of
imperfections. This dissertation therefore focuses on the production of lattice structures with
the aim of minimizing imperfections as much as possible. The geometry of the lattice
structures is divided into smaller parts in order to understand the influence of the
manufacturing parameters on the formation of imperfections. In the first phase,
manufacturing is focused on the strut geometry. The contour strategy is used, which seems
to be suitable for manufacturing parts with low volume and round cross-section. As this is
the base part of the structure, a good processable aluminum alloy AISil0Mg is used to
understand well the effects of the process parameters. The next phase focuses on the
geometry of the unit cell, for which the magnesium alloy WE43 is used. In the last phase,
the effect of contour and hatch strategies on the imperfections and mechanical properties of
the lattice structures produced from WE43 magnesium alloy is investigated. The results
confirm that by adjusting the process parameters, it is possible to produce lattice structures
even from a difficult-to-process material such as a magnesium alloy. The relative density of
the material reached more than 99.5% and the Young's modulus was 40 GPa. The described
effects of the process parameters on the formation of imperfections could therefore help to
ensure that porous structures can be used for more applications in the future.

KEYWORDS

Laser beam powder bed fusion, lattice structures, aluminum alloy, magnesium alloy,
material quality, relative material density, surface roughness, dimensional accuracy,
mechanical properties



ABSTRAKT

Vyvoj v oblasti aditivnich technologii umoznil vyrobu poréznich mikro-prutovych struktur
z Siroké Skaly kovovych slitin. Ty je mozné pouzit jako ndhradu plného materialu a vyrabét
tak dily s vyraznou usporou hmotnosti, nebo vy$sim odvodem tepelné energie. Spojeni
mikro-prutovych struktur a hot¢ikovych slitin navic potencialné umoziiuje vyrobu
biodegradabilnich implantati, které svoji strukturou podpofi prorustani kostni tkdné a
zaroven budou mit mechanické vlastnosti blizké kostni tkani diky hoi¢ikové slitin€. Pro
potencidlni aplikaci takovych dilii v rtiznych primyslovych odvétvich je nutné zajistit
vysokou kvalitu vyroby. Ta je spojend s vysokou relativni hustotou materidlu, nizkou
drsnosti povrchu a vysokou pfesnosti. V piipadé mikro-prutovych struktur, které jsou
obtizné¢ opracovatelné po vyrobé, to klade vysoké pozadavky na samotnou vyrobu. V ptipadé
laserové fuze s praskovym loZzem jde o vhodné zvoleni procesnich parametri vedouci k
minimalizaci imperfekci. Proto se disertani prace zamétuje na vyrobu mikro-prutovych
struktur s cilem maximalni minimalizace imperfekci. Geometrie mikro-prutovych struktur
je rozdélena na mensi ¢asti s cilem pochopit vliv vyrobnich parametri na vznik imperfekci.
V prvni fazi je vyroba zamétena na geometrii prutu, kde je pouzita contour strategie, ktera
se jevi jako vhodna pro vyrobu nizko-objemovych dilt s kulatym prifezem. Jelikoz se jedna
o zékladni ¢ast struktury, je pouzita dobie zpracovatelna hlinikova slitina AlISi10Mg, aby
bylo mozné vlivy procesnich parametri dobte objasnit. Dalsi faze je zaméfena na geometrii
zakladni bunky, kde je pouzita hot¢ikova slitina WE43. V posledni fazi je zkoumén vliv
contour a hatch skenovacich strategii na imperfekce a mechanické vlastnosti mikro-
prutovych struktur vyrobenych z hoi¢ikové slitiny WE43. Vysledky potvrzuji, Ze vhodnym
nastavenim procesnich parametri je mozné vyrabét mikro-prutové struktury i z obtizné
zpracovatelného materidlu jakym je hotcikova slitina. Relativni hustota materidlu
dosahovala vice nez 99.5% a Youngtuv modul byl 40 GPa. Popsané vlivy procesnich
parametrll na vznik imperfekci by tak mohly v budoucnu pfispét k rozsifeni poréznich

struktur do vice aplikaci.

KLICOVA SLOVA

Laserova fuze s praskovym lozem, mikro-prutové struktury, hlinikové slitiny, hot¢ikové
slitiny, kvalita materidlu, relativni hustota materialu, drsnost povrchu, rozmérova ptesnost,

mechanické vlastnosti
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1 INTRODUCTION

Additive manufacturing of metal components is being used more and more frequently in
many companies. The main advantage is that components can be customized to specific
requirements without incurring additional tooling costs or production delays. Additive
technology enables the production of complex components with specific shapes, as
production constraints are lower compared to traditional methods. The material is added
layer by layer until the entire component is finished. This process minimizes material waste
and the impact on the environment. In addition, complex components can be produced that
are difficult to manufacture using conventional methods. For this reason, additive
manufacturing is used in many industrial sectors such as the automotive, aerospace and
medical industries.

Lattice structures can be produced with the advantages of additive manufacturing. They
consist of thin struts that are stacked into a pattern defined by a unit cell. The simple
geometry based on the struts makes it easy to modify them as required. Due to the small
volume of material, large surface area and precise layout, they can be used in many
applications where the aim is to reduce mass, increase heat dissipation or improve energy
absorption.

One of the additive manufacturing technologies that can be used to produce lattice structures
is laser beam powder bed fusion (PBF-LB). Thanks to the high-energy laser and the
protective atmosphere, perspective materials such as magnesium alloys can be processed.
Due to their good strength-to-weight ratio, damping characteristics and thermal conductivity,
they are already used in many sectors such as the automotive and aerospace industries. In
addition, magnesium alloys are biocompatible and have mechanical properties close to those
of human bone, making them a promising material for biomedical applications.

Magnesium alloy lattice structures can combine the advantages of both, such as the mass
reduction, structural design and biodegradability of magnesium. Potential applications may
include biodegradable implants that reduce the need for reoperation. However, the
complexity of the lattice structures makes them even more susceptible to imperfections such
as material porosity, rough surfaces and dimensional inaccuracies. High demands are
therefore placed on production quality. In the case of PBF-LB, the small volume of the lattice
structures makes their production complicated and requires special adjustment of the process
parameters. This effect is even more magnified by magnesium alloys, which have a low
melting point. Therefore, this dissertation focuses on the new approach of selecting process
parameters based on the specific geometry of samples representing lattice structures. As a
result, the quality of the produced lattice structures can be improved, which supports the use
of lattice structures in the optimization of components and their use in industrial applications.



2 STATE OF THE ART

2.1 Laser Beam Powder Bed Fusion

Laser Beam Powder Bed Fusion (PBF-LB) technology is based on melting powder particles
into the shape of the finished part [1]. The technology uses the high energy of the laser to
melt powder particles of various materials from aluminum alloys to titanium. The cross-
section of the part is built up layer by layer [2]. The quality of the manufactured part depends
on many factors such as the shape of the part, the quality of the powder material, the stability
of the production process and the process parameters [3-6]. These factors influence the
formation of pores in the material, the surface roughness and the dimensional accuracy.

Factors related to the PBF-LB process include oxidation of the material, the balling effect,
temperature fluctuations and the loss of alloying elements. These factors mainly lead to poor
bonding between the layers, low relative material density, instability of the laser tracks,
cracking and delamination of the layers [7-9]. In order to understand the factors, mechanism
of melt pool solidification, consistency and quality of manufactured parts, various
parameters of PBF-LB production and their influence on material properties were identified
(Fig. 2-1) [10]. Suitable combinations of process parameters, powder preheating, laser
strategy and protective gas can reduce imperfections in the production of parts using the
PBF-LB process [11, 12].

Parameters Material properties
Controlled Viscosity

Laser scanners Surface tension

Laser power Particle size distribution
Mechanical layering of powder Particle shape
Atmospheric control Absorptivity/reflectivity
Air flow Thermal conductivity
Heaters (bed temperature) Specific heat
Machine-specific Emissivity

Laser type Melting temperature
Scan radius

Geometry-specific

Scan vector length

Fig. 2-1 Overview of the parameters that influence the material properties [10]



2.1.1 Energy of process parameters

When considering the factors of SLM production, the thesis focuses on the effects of the
process parameters in relation to the laser and laser scanning. Different PBF-LB process
parameters lead to different performances of the produced parts. Therefore, the energy of
process parameters is often used to describe the influence of several process parameters[13—
16]. Usually, three equations are used. The linear energy takes into account the laser power
and the laser speed (Equation 1). The area energy describes the effect of laser exposure in
the 3D, therefore the hatch distance is taken into account (Equation 2). The volume energy
also takes into account the layer thickness used for PBF-LB production (Equation 3). The
equations are as follows:

LP »
Ejin = s (J-mm™) 1)

, Where Ejin is linear energy (J-mm), LP is laser power (W), LS is laser speed (mm-s?)
Eqrea = Tc.un dJ- mm_z) @)

, Where Earea is area energy (J-mm2), LP is laser power (W), LS is laser speed (mm-s?), HD
is hatch distance (mm)
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S-Hp-LTO ™™ ) ©

Epor =
, Where Eobj is volume energy (J-mm™), LP is laser power (W), LS is laser speed (mm-s™),
HD is hatch distance (mm), LT is powder layer thickness (mm)

Usually, the energies are used to describe the formation of single welds. Low energy results
in discontinuous welds that are insufficient to join the welds and build up the part. Low
energy results in high porosity of the material and poor surface quality. On the other hand,
high energy leads to a large width of the weld with insufficient height. High energy can also
lead to the vaporization of alloying elements and thus to the formation of pores [17, 18].



2.2 Lattice structures

The porous structures can be divided into many categories, such as natural or man-made,
open or closed, random or periodic, 2D or 3D, etc. (Fig. 2-2) [19]. The natural structures can
be found in wood, butterfly wings, mushrooms or corals [20, 21]. The man-made structures
are mainly inspired by the structures in the nature, such as the honeycomb structure (Fig.
2-2n) or the lattice structures inspired by crystal grid (Fig. 2-2i, j, k, I). The main advantage
of these structures is the weight reduction and the possibility to adjust the mechanical
properties depending on the load. In addition, the surface area of the structures is larger,
making them suitable for coolers due to their high heat dissipation rate [22]. PBF-LB
production of the structured part also leads to a reduction in material consumption and a
reduction in production time [23].

In PBF-LB production of porous structures, one of the biggest challenges is to produce high
quality lattice structures. Melting the powder material with a high-power laser can lead to
imperfections such as porosity, rough surface and dimensional inaccuracies. To minimize
these imperfections, the appropriate process parameters must be defined [24].
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Fig. 2-2 Examples of one cell topologies: (a) Kagome, (b) Octet, (c) MS1, (d) Stochastic foam, (e) Pilar textile,
(f) Square collinear/cubic, (g) Re-entrant auxetic, (h) Spatially variant self-collimating lattice, (i) Body-centered
cubic, (j) Body-centered cubic with vertical struts, (k) Face-centered cubic, () Face-centered cubic with vertical
struts, (m) Octahedron, (n) Honeycomb, (0) Square, (p) Diamond, (q) TPMS P-type, (r) TPMS gyroid, (s)
TPMS D-type, (t) TPMS I-WP type [19]



2.2.1 Limitations

Lattice structures are composed of unit cells. The unit cell is defined as a cube with a certain
dimension. In the unit cell, the arrangement of the struts defines the geometry of the lattice
structure (Fig. 2-3) [25]. The typical arrangement of unit cells corresponds to the geometry
of body-centered cubic (BCC) and face-centered cubic (FCC) cells. These geometries are
often supplemented by struts in the vertical direction. The PBF-LB production of lattice
structures has a limitation in the production of horizontal struts. In the case of BCC lattice
structures, the struts are inclined at an angle of 35.26°. The limit of PBF-LB production
without support is basically known as an inclination of 45° [26]. For the production of lattice
structures, the supports cannot be used because it is not possible to remove supports within
the structure.

Fig. 2-3 Arrangement of struts in the unit cell: BCC — green, FCC — yellow, vertical struts — red, horizontal
struts - blue [26]

2.2.2 Heat dissipation

In order to ensure sufficient quality of the lattice structures produced with PBF-LB, the
inclination of the struts and the volume of the struts must be taken into account. In the case
of an inclination, the vertical struts dissipate the heat (induced by a high-power laser) mainly
via the previously produced material (Fig. 2-4a). Only small amounts of heat are dissipated
via the surrounding powder particles. Inclined struts also dissipate the heat mainly via the
previously produced material. However, the temperature gradient runs in a vertical direction,
which has an effect on the downskin of the inclined strut (Fig. 2-4b) [27, 28].
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Fig. 2-4 Heat dissipation for: (a) vertical, (b) inclined struts [27]

The material in the inclined part of the struts is kept at a high temperature over a long period
of time. This leads to the formation of pores due to the vaporization of alloying elements. In
addition, the material of the struts can lead to two areas with different relative material
density and microstructure due to the different dissipation rate (Fig. 2-5b). The upskin area
contains a small number of pores and has a fine microstructure (Fig. 2-5c-A), which
corresponds to the situation in the vertical struts (Fig. 2-5a). The downskin area contains
many pores and has a coarse cellular dendritic microstructure (Fig. 2-5c-B). Heat dissipation
also occurs via the surrounding powder particles, which have a low heat dissipation rate due
to the point contact between the rounded particles. Therefore, the powder particles are
partially melted and bonded to the surface of the inclined struts [16, 27, 28].

a) b) e —.

Fig. 2-5 Pores contained in the: (a) vertical strut, (b) inclined strut, (c) pores in the upskin area A and downskin
area B of the inclined strut [27]



Heat dissipation is also influenced by the volume of material in the lattice structures, as
shown by Dong et al. [29]. The vertical struts with diameters of 4 and 5 mm resulted in a
coarse cellular-dendritic microstructure with a low occurrence of pores. The process
parameters were optimized for the bulk samples. The heat dissipation rate was suitable for
samples with this volume; therefore, the relative material density of the struts was above
99.88%. At smaller strut diameters (1, 2 and 3 mm), the heat dissipation rate was lower,
resulting in a fine cellular dendritic microstructure, but the occurrence of pores was higher.
The relative material density was between 99.43-98.13%. (Fig. 2-6)

()

500 |llll-
el

1.87% 1.26% 0.57% 0.12% 0.10%

Fig. 2-6 Porosity of vertical struts produced with same process parameters for diameters of: (a) 1 mm; (b)
2 mm; (c) 3 mm; (d) 4 mm; (e) 5 mm [29]

2.2.3 Influence of process parameters

Relative material density

The process parameters influence the formation of pores. Qiu et al. [30] described the
influence of laser power and laser speed on the relative material density. Diamond lattice
structures produced with PBF-LB with a nominal diameter of 0.3 mm were analyzed. The
laser power (Fig. 2-7a) and laser speed (Fig. 2-7b) showed a similar dependence on the pore
formation, especially on the relative material density. Low and high laser power and laser
speed led to a high relative material density. Low energy of the process parameters was
sufficient for low volume samples to melt the powder particles without imperfections. At
high energy, the height of the welds is reduced below the layer thickness in many cases.
However, the depth of the welds increases. This situation resulted in a higher layer thickness
being applied, which is why the high energy is required to melt the powder particles. The
medium energy causes vaporization of the material, which leads to circular gas pores.
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Fig. 2-7 Relative material density of diamond lattice structures dependent on: (a) laser power with constant
laser speed of 7000 mm/s (b) laser speed with constant laser power of 400 W [30]

Aboulkhair et al. [4] reduced the relative material density by adjusting the hatch distance
(Fig. 2-8). The connection between two neighboring welds is also crucial. A high hatch
distance resulted in an insufficient connection and irregular pores between the welds. The
smaller hatch distance resulted in a higher relative material density (over 97%). Although
the relative material density was higher, the large pores in the material remained. The authors
[31-33] achieved a relative material density of over 99% by adjusting the hatch distance.

Density %
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Fig. 2-8 Influence of hatch distance on pores formation between welds [4]



The small volume of lattice structures makes them susceptible to pore formation. In addition,
the pores reduce the load-bearing diameter of the struts and can lead to cracking during
loading, especially cyclic loading [34, 35]. The shape of the pores can be used to determine
dangerous pores. Nudelis et al. [36] used data from CT scans to sort the pores according to
compactness and sphericity (Fig. 2-9). Compactness is determined as the volume of the pore
distributed in space (Equation 4). The ratio between pore volume and pore surface area is
referred to as sphericity (Equation 5). The dangerous pores are in the range of 0-0.5 of
compactness and sphericity. The pores with higher stress concentrations were located in this
range. In order to determine sufficient process parameters, the number of dangerous pores
should be minimized.

Sn 3\/ 3611 szore

Y= = (4)
Spore Spore

v, 4
n gnRSore

Vpore Vpore
2= 5)

, Where S, represents surface area of a sphere with the same volume (mm?), Spore pore surface
area (mMm?), Vpore pore volume (mm?), Vi, volume of sphere.
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Fig. 2-9 Stress concentration for different shapes of pores determined by compactness and sphericity [36]
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Surface roughness

Another important imperfection that occurs in PBF-LB production is the rough surface. The
layer-by-layer production process in additive manufacturing technology leads to a staircase
effect (Fig. 2-10a). The next layer is built on top of the previous one, but in the case of the
inclined part, the new layer is partially produced on top of the powder. This effect causes
melting or partial melting of the powder particles, which are melted into or bonded to the
surface of the inclined parts [37]. The lower the angle of inclination and the higher the energy
of the process parameters, the higher the surface roughness (Fig. 2-10b) as reported by the
authors [16, 38]. The staircase effect is mainly observed in the upskin area, where the surface
roughness increases slightly with the lower inclination angle. In the case of downskin area
the increasing surface roughness is mainly due to the binding of partially melted powder
particles on the surface of the part. The opposite phenomenon was observed by Han et al.
[37]. They found that a higher amount of bonded powder particles on the downskin of the
part can lead to a lower surface roughness. The molten material flows between the powder
particles and fills the gaps (Fig. 2-10a).
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Fig. 2-10 (a) visualization of staircase effect and powder particles bonded on the downskin area of part [37] (b)
influence of process parameters and inclination on surface roughness [38]
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Dimensional accuracy

The dimensional accuracy is influenced by the heat dissipation and the process parameters
used in PBF-LB production. The authors [39-41] have shown that the heat dissipation in the
lattice structures influences the geometry of the lattice structures. The high temperature in
the downskin area of lattice structures [27] led to melting of the surrounding powder
particles, which increased the size of the material. This effect led to an elliptical cross-section
shape of the inclined struts (Fig. 2-11). The more material means a higher weight and leads
to different mechanical properties [42].

E1

==+ Gauss ellipse Gauss cylinder == Real strut cross-section

Fig. 2-11 Elliptical cross section of the inclined struts [42]

Qiu et al. [30] described the influence of laser speed and laser power on the real diameter of
diamond lattice structures with a nominal diameter of 0.3 mm. At a constant laser power of
400 W and a laser speed of over 4000 mm/s, a minimum diameter of 0.5-0.6 mm was
achieved (Fig. 2-12a). A lower laser speed increased the diameter up to 0.8 mm. The constant
laser speed of 7000 mm/s and increasing laser power led to an increase in the strut diameter
(Fig. 2-12b). The range of diameters was between 0.25 and 0.55 mm. The higher energy of
the process parameters caused the melting of a larger amount of powder particles, which led
to an increase in the strut diameters.

m L) A 1
100 200 300 400

900 -
. 800 56(!)-*
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500 -
Laser power (W)
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0 2000 4000 6000 8000
Laser scanning speed (mm/s)
() (b)

Fig. 2-12 (a) influence of strut diameter on laser speed with constant laser power of 400W; (b) influence strut
diameter on laser power with constant laser speed of 7000 mm/s [30]
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2.2.4 Laser strategies

The laser strategies define the trajectory of the laser for each layer during PBF-LB
production. The laser strategy also influences the formation of defects. Pauly et al. [6] used
three scanning strategies to produce struts with a diameter of 3 mm (Fig. 2-13). One of the
strategies was the chessboard strategy (Fig. 2-13c, d) which is based on the principle of
dividing the cross-section into small square regions that are melted by a laser. The regions
are melted in a specific sequence to give the material time to dissipate the heat. This strategy
requires a special adjustment of the process parameters to minimize the formation of pores
at the boundaries of the regions. The chessboard strategy is mainly used for large-volume
parts. In the case of lattice structures, the cross-sections have a small volume, which is not
ideal for this strategy.

The contour strategy consists of concentric laser trajectories (Fig. 2-13a, b). Therefore, this
strategy is suitable for circular or elliptical cross-sections of the vertical or inclined struts in
the lattice structure. The pores were mainly distributed between the laser trajectories. These
pores can be reduced by a suitable hatch distance between the laser trajectories [16].

The hatch (meander) laser strategy hatches the cross sections with the parallel laser
trajectories (Fig. 2-13e, f). One contour trajectory is used for the edge of the cross-sections.
The parallel laser trajectories rotate 67° in each layer, which ensures a uniform
microstructure. This strategy is commonly used for the production of PBF-LB parts.
Therefore, powder manufacturers recommend this laser strategy and their process
parameters they have developed for powder processing. This strategy resulted in irregularly
shaped pores in the strut, which are crucial for the mechanical performance of the lattice
structures.

Fig. 2-13 Porosity distribution in struts for: (a); (b) contour strategy; (c); (d) chessboard strategy; (e); (f) hatch
strategy [6]
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The hatch strategy is particularly susceptible to pore formation in the border area [43]. This
is due to the acceleration and deceleration of the laser at the ends of the trajectories. The
movements of the laser are controlled by a high-precision electro-optical galvanometer
system. The galvanometer mirrors need a certain amount of time to accelerate and decelerate.
This occurs at the beginning and end of the trajectory, where the speed of the laser is not
constant [44].

In this case, skywriting can be used to extend the laser trajectories (Fig. 2-14) beyond the
cross section [45]. The extended trajectories are used to accelerate and decelerate the laser,
the laser therefore has a constant velocity in the cross-section. This measure reduces the
formation of pores at the beginning and end of the laser trajectories.

* - o andhe 4
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Fig. 2-14 Schematic representation of skywriting used for hatch strategy [45]

2.2.5 Mechanical performance

The mechanical performance of the lattice structures is strongly influenced by the PBF-LB
imperfections that occur during fabrication. Gibson et al. [46] determined a material model
that takes into account the mechanical properties of the structures. The material model was
based on the cell topology, the mechanical properties of the parent material and the relative
density of the structure, which is defined as a percentage of the material volume in the unit
cell [47, 48].

In the study, the topology of the body-centered cubic (BCC) lattice structure is considered.
The BCC lattice structure consists of struts with inclination angle of 35.5% [49]. The
inclination angle represents the most unfavorable case of lattice structures; therefore, the
production imperfections have the greatest impact on the mechanical performance.
Moreover, according to Maxwell’s criterion [50], the BCC topology represents a bending-
dominated deformation mechanism, which is less effective in load transfer than the
stretching-dominated cell topologies [51].
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Dong et al. [29, 52] observed the influence of strut diameter and strut inclination on
mechanical properties. The authors used a set of process parameters to observe only the
influence of diameter and inclination. The smaller strut diameter led to a decrease in
mechanical properties (Fig. 2-15a, b), i.e. modulus of elasticity (E), ultimate tensile strength
(UTS), yield strength (YS) and elongation (EL). The modulus of elasticity E (Young’s
modulus) decreased by about 30% as the diameter decreased from 5 mm to 1 mm. The same
effect was observed with a decreasing angle of inclination (Fig. 2-15c, d). The Young’s
modulus decreased by about 12% from the vertical strut to the strut produced with an
inclination angle of 35.5%. The mechanical properties might have been influenced by
imperfections such as lower relative material density at lower diameter and inclination angle,
as observed by other authors [27, 38].
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Fig. 2-15 (a), (b) influence of strut diameter on the tensile mechanical properties [29]; (c), (d) influence of strut
inclination on the tensile mechanical properties [52]
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To determine the mechanical properties of lattice structures, the different samples must be
used. The authors [53, 54] modified typical tensile specimens to multi-struts specimens. The
multi-strut specimen represented the deformation behavior of the lattice structures. Cervinek
et al. [54] obtained a good correlation between simulation and experiment in compressive
loading of lattice structures when the mechanical properties were measured on the multi-
struts tensile specimens. These results were used by Vaverka et al. [55] to determine the
actual Young’s modulus of lattice structures from the compressive deformation of lattice
structures. The actual Young’s modulus of lattice structures was determined by comparing
the effective elastic modulus of simulation and experiment, where the Young’s modulus was
a variable in the simulation. The Young’s modulus can be effectively used to determine the
performance of lattice structures as only the performance of the material is considered.

2.3 Material

2.3.1 Aluminum alloys

Due to their excellent strength-to-weight ratio, ease of processing, good corrosion resistance
and thermal conductivity, aluminum alloys are suitable for many applications in the
aerospace, automotive and marine industries [56-59]. In the case of PBF-LB technology,
aluminum alloys are widely used materials. Processing is very well managed, and powder
manufacturers often offer process parameters that lead to high material quality.

For new aluminum alloys, the perspective process parameters are defined based on the
process parameter window (Fig. 2-16). Maamoun et al. [5] produced cubes to determine the
influence of process parameters on dimensional accuracy (Fig. 2-16b), relative material
density (Fig. 2-16¢) and surface roughness Ra (Fig. 2-16d). All three parameters showed a
similar dependence on the energy of the process parameters. Low energy led to smaller
dimensions, low relative material density and high surface roughness. This is mainly related
to the balling effect and insufficient bonding between the laser tracks [60, 61]. Higher energy
resulted in larger dimensions, high relative material density and low surface roughness. The
optimal process parameters were determined based on the cross-section of the three windows
(Fig. 2-16a) mentioned above.
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Fig. 2-16 Process parameters window for AISi1OMg aluminum alloy: (a) optimal processing window, (b)
dimensional accuracy, (c) relative material density, (d) surface roughness Ra [5]

However, the optimum window of process parameters has been determined. The final
process parameters depend on the machine, the powder and also the geometry of the samples,
as will be mentioned in further sections.
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2.3.2 Magnesium alloys

Magnesium (Mg) and its alloys have a low density, high specific strength and stiffness, can
significantly damp vibrations, serve as electromagnetic shielding and are biocompatible.
Therefore, they have a wide range of applications, especially in transportation, consumer
electronics, aerospace, military and medicine [62-66]. Magnesium alloys are mainly
produced by casting. The crystalline structure of magnesium (closed hexagonal structure)
shows low formation of slidding systems and low plastic deformation at room temperature.
However, the solid and liquid phase regions of Mg-Al and Mg-Zn alloys are wide, so they
are prone to precipitation of segregated elements in the Mg matrix, resulting in poor
microstructural uniformity. The manufactured parts must be optimized by subsequent hot
forming (extrusion, forging, rolling) or heat treatment. Another disadvantage of the
conventional manufacturing process is its high cost and the long cycle that must be adhered
to when forming complex parts. This limits the development and use of improved
magnesium alloys [67—71]. Therefore, advanced production methods such as PBF-LB are
used [72-74].

Processing of magnesium alloys with PBF-LB results in less formation of defects such as
elemental segregation, porosity and deposition of impurities. The PBF-LB production
process, in which the powder material is melted layer by layer, leads to a remelting of the
previous layers so that a homogenization of the defects takes place. In addition, the melt pool
solidifies very quickly, which contributes to the development of fine grains. This situation
contributes to a high mechanical performance. However, the properties of the material, such
as the rapid oxidation and vaporization of magnesium, make it difficult to process
magnesium alloys. Currently, the following problems are particularly associated with the
processing of magnesium alloys:

= Rapid formation of oxide layers due to the affinity of magnesium for oxygen during
the PBF-LB process (Fig. 2-17). The oxide layers reduce the melting rate of the
powder and lead to the formation of metallurgical defects [75].

= Magnesium has a narrow temperature range (450°C) between boiling point (650°C)
and vaporization point (1107°C). Therefore, magnesium evaporates more easily than
other alloying elements (Al, Ni, Ti) during the PBF-LB process [76]. This situation
leads to imperfections such as porosity, rough surface and inaccurate dimensions.
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[75]

The possible solution can be found on the basis of the other manufacturing processes:

= QOxidation can be reduced by forming magnesium alloys that reduce oxidation with
alloying elements. In addition, oxidation can be reduced by setting the process
parameters to a suitable energy that melts the powder particles but does not cause
magnesium vaporization.

= Evaporation can be significantly reduced by alloying elements that adjust the boiling
point and melting point of the magnesium alloy.

PBF-LB processing of magnesium alloys opens up new possibilities. Magnesium is an
essential element found in human bones [77—-79]. The presence of magnesium in bone leads
to stimulation of new bone tissue growth [80, 81]. The combination of these factors with a
modulus of elasticity close to that of bone tissue (Tab. 2-1) can lead to the avoidance or delay
of reoperation [77]. Magnesium implants have already been tested on animals. In particular,
the magnesium implant nourished the bone tissue for 12-18 weeks and helped to maintain
its mechanical integrity before it was replaced by new bone tissue [82]. Moreover, WE43 is
characterized by its corrosion resistance, making it a suitable candidate for biomedical
applications [83].

Tab. 2-1 Mechanical properties of materials used for implants [77, 83]

Bone Mgalloys  Tialloys Stainless steel alloys

Elastic modulus (GPa) 3-20 41-45 110-117 189-205
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The main advantage of PBF-LB processing of magnesium alloys is the ability to produce
complex shapes. In particular, porous structures can be produced to achieve mechanical
properties even closer to bone tissue. Structured bone implants can also contribute to the
regeneration of bone tissue and its ingrowth through the implant [84]. Therefore, the
fabrication of magnesium alloy structures can contribute to the utilization of magnesium
alloys. In addition to biomedical use, magnesium structures can also be used in many other
areas where weight reduction is required.

Process parameters

Ng et al. [85] succeeded in melting single welds from a magnesium alloy using a small PBF-
LB system in an argon atmosphere, thus demonstrating the potential of PBF-LB technology
for processing magnesium alloys. In the literature, the authors have dealt with the interaction
between laser source and Mg powder. The effects of laser power, laser speed and continuous
and pulsed laser modes were investigated. Based on the experiment with single welds, the
window of suitable process parameters for pure magnesium powder was determined [86,
87]. The influence of the process parameters on magnesium alloys (Mg-9% Al, AZ91D,
ZK60 and WE43) was also described [88-92]. An example of a window describing the
influence of process parameters on single welds can be found in Fig. 2-18.
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Fig. 2-18 Window of process parameters for processing of magnesium alloys Mg-Al [90]

The process parameter window is divided into sections depending on the laser power and
the laser speed. In general, these two parameters can be described as linear energy
(Equation 1). Based on the quality of the single welds, the four main regions can be defined
as follows:
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1. High input energy region: in this region, the energy of the laser is high. The
magnesium vaporizes due to the low vaporization temperature (1107°C). The vapors
expand rapidly and cause a strong recoil in the molten pool, blowing away both the
molten material and the powder particles. Evaporation also leads to the formation of
vapors, that reduce the energy of the laser. In addition, the vapors lead to the
condensation of volatile substances on the laser glass [8]. The high temperature of
the molten pool has an effect on the dynamic viscosity and leads to the instability of
the molten pool. Magnesium molten pool has a much lower dynamic viscosity (1.5
Pa's) than molten iron (6.93 Pa‘s) and titanium alloys (2.2 Pa-s). The high
temperature of the melt pool causes high thermal stresses that lead to a decrease in
viscosity, which can also lead to imperfections in the material [13].

2. Low input energy region: In this region, the energy is not sufficient to melt
magnesium powder (650°C), resulting in partially melted powder particles. Even if
the powder particles fuse into the shape of the part, the final part is brittle and lacks
mechanical strength. The process parameters in this area lead to delamination of
layers, brittle fracture and high porosity [93]. At high laser speeds, a larger quantity
of powder particles is blasted away due to the low density. The chemical activity of
magnesium leads to oxidation, where MgO forms in a black cloud that contaminates
the inert gas in the build chamber [89].

3. Region with suitable process parameters: It provides a good bond between the laser
welds and results in good relative material density. Parts with a relative material
density of 75-99.5% can be produced without obvious macro defects. In this range,
the molten pool temperature is high while the viscosity of the molten pool decreases.
The material can then be effectively dispersed, which increases the efficiency of the
PBF-LB process [94, 95].

4. Region with “ball” effect: This effect is caused by a combination of low laser power,
insufficient laser input energy and high layer thickness [96]. The “ball” effect is
caused by the lack of wetting of the melt pool with the previous layer. The cohesion
of the formed welds is impaired, which prevents the formation of further layers [97,
98]. The “ball” effect is a complex metallurgical process caused by the instability of
the molten pool and by the Marangoni effect [9]. The occurrence of balls causes
deterioration of the surface due to the combination of thermal stress and weak
interlayer bonding.

The described areas in the process parameter window are typical for magnesium and
magnesium alloys. However, the definition of the exact linear energy for each region
depends on the parameters of the machine, the powder and the process parameters.
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Loss of alloying elements

The melting of the powder particles by the high-energy laser leads to the loss (burning or
vaporization) of Mg alloying elements during PBF-LB (Fig. 2-19a). The loss of Mg alloying
elements has a negative effect on the stability of the melt and also changes the composition
and microstructure [99]. This reduces corrosion resistance and significantly limits the
production of high-quality components. The loss of alloying elements depends on the
temperature and vapor pressure during the processing of Mg alloys, so that the loss of
alloying elements occurs more easily at high temperature and high pressure. As shown in
Fig. 2-19b, the vapor pressure of Al (2.9-10-14 Pa) at 400 °C is 13 orders of magnitude lower
than that of Mg (3.6-10-1 Pa). At 713 °C and 886 °C, the vapor pressure of molten Mg is
1013 Pa. Increasing the melting temperature significantly increases the vapor pressure,
which converts the molten pool into vapors.
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Fig. 2-19 (a) SEM image of vapors of Mg alloy elements during the PBF-LB [76]; (b) vapor pressure of Mg and
Al depending on the temperature [75]

In the PBF-LB process, the melting temperature of Mg is controlled by the laser energy. Wei
et al. [91] found that the laser energy (over 214 J'-mm3) led to strong vaporization of the Mg
elements in the AZ91D alloy. The vaporized gas expanded rapidly and created a large recoil
onto the molten pool, blasting away the surrounding unmelted powder particles. In addition,
the high laser energies forced the melt pool to expand both longitudinally and transversely,
causing the surrounding powder to be blown away. The rapid solidification reduces the
volume of the melt pool and leads to large and deep pores, which roughen the surface
considerably [76]. Wei et al. [100] processed the alloy ZK60 with PBF-LB. The alloy had a
higher Mg:Zn ratio, but the total Mg and Zn content was lower, which was influenced by the
shrinkage of the melt and the evaporation of alloying elements.
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Microstructure

Melting the material with a high-energy laser requires sufficient heat dissipation to cool the
parts. During the solidification of the material, the morphology of the melt pool and the
metallurgical bond with the solidified material is established [101]. Suitable process
parameters can lead to a fine microstructure with clear melt pool boundaries [102]. On the
other hand, process parameters with high energy can lead to unrecognizable melt pool
boundaries and a coarse microstructure [103, 104]. Unrecognizable boundaries and a coarse
microstructure can reduce the mechanical performance of magnesium alloys [105].
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3 ANALYSIS AND CONCLUSION OF LITERATURE
REVIEW

The following section summarizes the state of the art in the production of lattice structures
using PBF-LB. It describes two materials used in the study, namely an easily processable
aluminum alloy and a magnesium alloy, with regard to their use for lattice structures. It also
describes the influence of PBF-LB process parameters on the production of lattice structures.
The main areas identified for further investigation are summarized in the subsection at the
end of the section.

3.1 PBF-LB production of lattice structures

The lattice structures can be subdivided according to the topology of the unit cell. The body-
centered cubic (BCC) topology is the least favorable due to the 35.26° inclination angle of
the struts [19, 25], with the 45° inclination angle being considered the limit for PBF-LB
production without support structures [26]. Due to the inclination, the BCC lattice structures
are susceptible to the formation of imperfections such as porosity, rough surface and
dimensional inaccuracy.

The formation of imperfections is influenced by the heat dissipation through the small-
volume material of the lattice structures. In vertical struts, the heat is mainly dissipated by
the material in the previous layers. Inclined struts lead to an accumulation of thermal energy
in the downskin, where part of the energy is dissipated through the powder particles [27].
This situation leads to a different microstructure in the downskin and to the formation of
imperfections [27, 29].

One of these imperfections is the porosity of the material. The pores reduce the load-bearing
cross-section of the lattice structures and significantly impair their performance. The
formation of pores in the material can be influenced by many PBF-LB parameters. The most
important parameters are the laser power, the laser speed and the hatch distance. The
combination of these parameters can lead to three situations depending on the energy of the
process parameters [4, 30]: low energy, suitable energy and high energy. The low energy
leads to a balling effect and irregular pores [31], that are dangerous and can lead to cracking
[36-38]. The high energy causes overheating of the material, which leads to regular pores
caused by the vaporization of alloying elements [30]. If the process parameters have enough
energy to melt the material and the previously produced material is able to dissipate this
energy at the same time, a relative material density of over 99% can be achieved [31-33].
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The downskin of the inclined struts is partially built up directly on the powder particles due
to the staircase effect typical of additive manufacturing technologies. Therefore, the heat
accumulates in the downskin [27]. This leads to melting or partial melting of the surrounding
powder particles that are bonded to the surface of the struts, which increases the surface
roughness [37]. The surface roughness is influenced by an angle of inclination, whereby the
lower the inclination, the higher the measured surface roughness [16, 38]. The energy of the
process parameters also influences the surface roughness on the downskin [37]. A high
energy leads to a higher flowability of the molten material, which can fill the gaps between
the partially melted powder particles. The lower the energy, the lower the flowability of the
material and the higher the surface roughness.

The molten powder particles on the downskin surface influence the weight and shape of the
lattice structures [39-42]. The lattice structures are used in many cases to reduce weight;
therefore, the weight is crucial to achieve this goal. The shape of the cross-section of inclined
struts changes from circular to elliptical, which influences the mechanical performance of
lattice structures. The energy of the process parameters also leads to changes in the strut
diameters. The production of the desired strut diameter requires the determination of the
combination of process parameters [30].

The imperfections can be reduced by a laser strategy that defines a hatching pattern for the
cross-sections of the PBF-LB part in each layer. Usually, the hatch strategy (meander
strategy) is used [6]. The hatch strategy consists of a contour trajectory and parallel
trajectories which hatch the inner region, which rotates 67° in each layer. This strategy is
susceptible to pore formation in the subsurface [43, 44]. Subsurface formation of pores can
be reduced by skywriting, where the laser trajectories are extended beyond the cross section.
Therefore, the acceleration of the laser velocity takes place outside the cross-section. In the
cross-section, the laser speed is constant, which reduces the formation of pores at the
beginning and end of the laser trajectories [45].

The geometry of lattice structures is suitable for production using the contour strategy. The
contour strategy uses concentric laser trajectories to hatch the cross-sections. The pores are
mainly formed between the laser trajectories [6, 16].

The imperfections affect the mechanical performance of lattice structures. To define the
mechanical performance of lattice structures [46], the cell topology, the mechanical
properties of the parent material and the relative density of the structure, which is defined as
a percentage of the material volume in the unit cell, must be taken into account [47, 48]. The
BCC lattice structures have a bending-dominated deformation mechanism according to
Maxwell’s criterion [50], which is less effective than the stretching-dominated deformation
mechanism [51].
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The mechanical properties are also influenced by the material volume of lattice structures.
Mechanical properties such as the modulus of elasticity, ultimate tensile strength, yield
strength and elongation decrease with decreasing strut diameter [29] and decreasing strut
inclination angle [52]. A reduction in the strut diameter from 5 to 1 mm led to a decrease in
the modulus of elasticity of around 30%. The inclination from 90° to 35° led to a decrease
in the modulus of elasticity of about 12%. The determination of the mechanical properties
of lattice structures therefore requires different approaches. One of the possibilities is the use
of modified tensile specimens consisting of several struts with nominal strut diameters [54].
The mechanical properties measured on these specimens led to a better correlation between
the experimental and simulated compression testing of lattice structures [54]. Simulation can
be used to determine Young’s modulus of the material, which accounts for the performance
of the material regardless of the cell topology or strut diameter [55].

3.2 PBF-LB processing of aluminum alloys

Processing of aluminum alloys is handled very well. They are used in many applications due
to their good processability and their weight-to-load ratio [56-59]. The window of sufficient
process parameters to produce parts with high relative material density, low surface
roughness and high dimensional accuracy is relatively large [5]. This makes the aluminum
alloy suitable for research in the field of lattice structures produced with PBF-LB.

3.3 PBF-LB processing of magnesium alloys

Magnesium alloys have a low density and high specific strength and stiffness, which makes
them suitable for many applications [62, 64-66, 106]. One of the possible applications is
bone implants. Magnesium alloys have mechanical properties close to those of human bone
[80, 81], and magnesium stimulates the growth of new bone tissue [78, 79], which can avoid
reoperations [77]. These properties make them interesting for further development.

Magnesium alloys can be processed using PBF-LB technology [72-74], but they are
susceptible to the formation of imperfections. Magnesium alloys have a high affinity for
oxygen; therefore, oxygen layers form during the PBF-LB process. The oxide layers reduce
the melting rate of the powder and lead to the formation of metallurgical defects [75]. In
addition, the narrow temperature range of 450°C makes magnesium alloys more susceptible
to the vaporization of alloying elements [76].
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PBF-LB processing of magnesium alloys can be divided into four areas depending on the
energy input [88-92]. A high energy input leads to the vaporization of alloying elements and
fumes influence the energy input. In addition, the fumes condense on the laser glass [8]. This
led to the formation of imperfections [13, 76, 91, 99, 100]. High energy input also resulted
in undetectable melt pool boundaries and coarse microstructure [103, 104], which can affect
mechanical performance [105]. Low input energy led to delamination of the layers, brittle
fracture and high material porosity [93]. The region with the “ball” effect is characterized
by melt pool instability [9] due to low laser power, insufficient input energy and high layer
thickness [96-98]. The appropriate input energy resulted in a high quality of the material
with a relative material density of over 99% and a fine microstructure [94, 95, 102].

3.4 Lack of knowledge

Based on the analysis of the literature, the perspective areas for further research are selected.
The most important aspects of the missing knowledge are addressed in the following bullet
points:

= The lattice structures are a perspective for weight reduction, optimization of
mechanical performance or heat dissipation. Although the PBF-LB can process
lattice structures, the quality is crucial for their further use. Literature describes the
influence of process parameters, but a precise optimization focusing on the reduction
of imperfections such as material porosity, surface roughness and dimensional
inaccuracy is missing.

= The inclination and material volume of the samples are crucial for the quality of the
lattice structures. A low inclination angle leads to a higher occurrence of
imperfections, as does a low material volume. However, the influence of the contour
strategy on the quality of inclined struts with different volumes is not described.

= The production of lattice structures depends not only on the appropriate choice of
LBF-PB process parameters, but also on the laser strategy. The contour strategy
seems to be suitable for circular or elliptical cross-sections of lattice structures.
However, the influence of the contour strategy on the quality and mechanical
performance of lattice structures is not described.

= Lattice structures consist of struts and nodes, which are defined by the connection of
the struts. The nodes have a different cross-section than the struts. In addition, the
material in the nodes has a larger volume, which leads to a different heat dissipation.
However, the influence of the contour strategy on the quality of the nodes is not
investigated.
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The connection between the PBF-LB production of lattice structures and magnesium
alloys makes them interesting for many applications. The weight reduction of lattice
structures and the low density of magnesium alloys can lead to a significant weight
reduction and more. However, the LBF-PB production of lattice structures from
magnesium alloys has not yet been sufficiently explored.



4 AIM OF THE THESIS

The dissertation aims to LBF-PB production of lattice structures from lightweight materials.
The dissertation focuses on improving the main imperfections, namely material porosity,
production accuracy and rough surface. Imperfections affect the mechanical performance of
the lattice structure; therefore, the mechanical performance should be discussed in relation
to the quality of production. To achieve the main objective of this thesis, the following steps
must be taken:

= Identify important process parameters for the production of lattice structures.

= |dentify and perform the experimental procedures required to produce vertical and
inclined struts as part of a lattice structure using an aluminum alloy and contour
strategy.

= |dentify and perform the experimental procedures required to produce cells forming
a lattice structure using a magnesium alloy and contouring strategy.

= Identify and perform experimental procedures required to produce and determine the
mechanical performance of magnesium alloy lattice structures.

4.1 Scientific questions

The analysis and review of the literature led to the identification of the following scientific
questions.

Q1 Does the contour strategy lead to a reduction of imperfections such as material porosity,
dimensional inaccuracy and rough surface that occur during PBF-LB production of lattice
structures compared to the commonly used process parameters?

Q2 Does the contour strategy result in a relative material density of over 99.5% for lattice
structures when using the magnesium alloy WE43?

Q3 Does the contour strategy improve the mechanical performance of the lattice structures
compared to the hatch strategy for WE43 magnesium alloy?

4.2 Hypothesis

Each scientific question was tested against a working hypothesis formulated on the basis of
the literature review.
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Working hypothesis 1

Lattice structures can be considered as low volume geometries that require different PBF-
LB process parameters than volume geometries to obtain high quality parts. A small volume
of material is not able to dissipate the thermal energy fast enough during PBF-LB processing
[27] which leads to the formation of imperfections [27, 29]. The effect is intensified with
decreasing diameter of the struts and angle of inclination [29, 38, 52]. The main
imperfections encountered in PBF-LB production of lattice structures are material porosity,
rough surfaces and dimensional inaccuracies [16, 30, 31, 37-42]. The imperfections can be
reduced with appropriate process parameters and a suitable laser strategy [30-33, 37]. Due
to the geometry of lattice structures, the contour strategy appears to be suitable for their
production [6, 16]. The contour strategy consists of circumscribed laser trajectories. The
pores are mainly created between the laser trajectories. This could be reduced by a precise
adjustment of the hatch distance. In addition, only three main process parameters could be
used to control the energy input, namely the laser power, the laser speed and the hatch
distance.

Working hypothesis 2

PBF-LB processing of magnesium alloys is more difficult than processing aluminum alloys
[72—75]. Magnesium alloys have a narrow range of 450° between the melting point and the
boiling point [76]. Therefore, precise selection of process parameters is required for PBF-
LB production of parts with minimum imperfections [88-92]. Otherwise, the low energy can
lead to delamination of the layers, brittle fracture and high material porosity [9, 93, 96-98].
High energy can lead to vaporization of alloying elements and coarse microstructure,
resulting in low mechanical performance [8, 13, 76, 91, 99, 100]. Appropriate energy can
lead to the PBF-LB production of parts with a relative material density of over 99% [94, 95,
102]. Considering the small volume of lattice structures [27, 29], the production of
magnesium alloy lattice structures is more challenging. Therefore, the use of a contour
strategy suitable for lattice structures [6] could be crucial and lead to the production of lattice
structures with a relative material density above 99.5%.

Working hypothesis 3

The contour strategy can potentially reduce imperfections in lattice structures [6, 16]. The
imperfections such as material porosity, rough surface, dimensional inaccuracy and coarse
microstructure can lead to a reduction in mechanical performance [29, 38, 42, 52, 105]. This
is caused by the reduction of the load-bearing diameter of the lattice structure due to material
porosity [34, 35]. A rough surface can lead to the formation of cracks, especially under cyclic
loading [38]. Dimensional inaccuracy affects the amount of material involved in load
transfer [30, 42]. The performance of the lattice structure also depends on the cell topology
and the relative density of the structure [46-48]. The influence of the PBF-LB process
parameters on the performance of the lattice structure can be described by the Young’s
modulus, which describes the quality of the material [55].
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4.3 Thesis layout

The dissertation consists of three scientific papers published in peer-reviewed journals with
an impact factor. Each paper answers a scientific question. The first paper [l.] addresses the
question of how the contour strategy affects the imperfection caused by PBF-LB production
of lattice structures. To test the hypothesis, the lattice structure was simplified on the struts
on which the influence of the process parameters was tested. The influence of the contour
strategy was compared with the process parameters normally used for the production of bulk
material. The second paper [I1.] is dedicated to answering the second question, whether the
contour strategy leads to a relative material density of over 99.5% for lattice structures made
of the magnesium alloy WE43. In the paper, the influence of the contour strategy on the
production of BCCZ cells was investigated. The experiments were selected to identify the
range of processing energy for high-density unit cell fabrication. The third paper [I1.]
focused on the third scientific question, how the contour strategy affects the mechanical
performance of the lattice structures. To test the hypothesis, the hatch strategy and
skywriting were used for comparison. A high relative material density was achieved and the
BCC lattice structures were subjected to a quasi-static compression test. The results were
also evaluated using simulation to obtain Young's modulus.
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5 MATERIALS AND METHODS

Various experiments were conducted to test the hypotheses formulated from scientific
questions. The experiments mainly focused on the quality improvement of lattice structures
by setting process parameters. The experiments represent the structure of the dissertation,
which consists of three research articles. The production of lattice structures was divided
into three phases based on critical areas of the geometry (Fig. 5-1).

The first phase (1) focused on the geometry of the struts. The influence of the process
parameters on the quality of the struts produced using the contour strategy was investigated.
The quality was determined on the basis of the relative material density, pore distribution,
surface roughness and dimensional accuracy. The results were compared with the hatch
strategy, for which the process parameters were recommended by the powder manufacturer.

The second phase (2) involved the development of process parameters for the production of
magnesium alloy cells. The relative material density, pore distribution, surface roughness
and dimensional accuracy were taken into account when determining quality.

In the third phase of study (3), the various laser strategies for the production of lattice
structures were investigated. Based on the results of the second phase, the contour strategy
led to production imperfections. Therefore, the complex analysis of five laser strategies was
performed. Based on the relative material density, pore size, pore distribution, pore shape
and microstructure, the most promising strategies were selected. The mechanical
performance of these strategies was tested. Based on the results, the most suitable laser
strategy for the production of magnesium alloy lattice structures was selected.
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Fig. 5-1 Schema of thesis workflow

5.1 Laser beam powder bed fusion

5.1.1 Process parameters and powder material

All samples were produced using the SLM 280" machine (SLM Solutions Group AG,
Liibeck, Germany). The machine is equipped with an ytterbium fiber laser with Gaussian

distribution and a spot diameter of 82 um. Two materials are used for production.

(1) The aluminum alloy AISi10Mg (TLS Technik GmbH, Bitterfeld, Germany) was used.
The powder was produced by gas atomization and the particle distribution was in the range
of 15-60 um. The platform was heated to 150°C and the layer thickness was 50 um. A
protective atmosphere of nitrogen gas was used. The oxygen content was kept below 0.2%
during the production of the samples. A wide range of process parameters was used, i.e. a

laser power of 175-400 W and a laser speed of 200-2000 mm/s.
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(2), (3) The magnesium alloy WE43 was used (Luxfer MEL Technologies, Manchester,
UK). The particle size distribution is in the range of 28-60 um with an average particle size
0f39.8 um. The chemical composition is shown in Tab. 5-1. The temperature of the platform
was 120°C and the layer thickness was 50 um. A continuous supply of argon gas was used
during the preparation of the samples. Therefore, the oxygen content was kept below 0.01%.
The laser power was in the range of 50-250 W and the laser speed was in the range of 200-
2000 mm/s.

Tab. 5-1 Chemical composition of WE43 powder

(wt %) Mg Y Zr Nd Si Cu

WE43 powder Bal.  3.96 0.56 2.30 <0.01 <0.01

5.1.2 Laser strategies

Contour strategy

(1), (2), (3) The contour strategy is a perspective for the production of cylindrical geometries.
The laser trajectories have a circular shape and fit well into the geometry of lattice structures.
The contour strategy is used in all three phases of the study. (Fig. 5-2a)

Hatch strategy

(1), (3) The hatch strategy is generally used for the production of parts in the PBF-LB
process. Powder manufacturers usually have recommended process parameters for this
strategy. In the first phase, the hatch strategy was used with the recommended process
parameters to compare the effect of the contour strategy. In the third phase, the hatch strategy
IS used to investigate its effects on the production of entire lattice structures. (Fig. 5-2b)

Skywriting

(3) The influence of skywriting was analyzed. Skywriting refers to the optical system of the
laser. The laser trajectories are extended behind the cross-section of the produced part.
Therefore, the laser can use this extension for acceleration and deceleration. This ensures a
constant speed in the cross-section of the sample. (Fig. 5-2¢)

Combination of contour and hatch strategy

(3) The combination of the two strategies was also investigated. The contour strategy seems
to be promising for the struts and hatch strategy for the node.
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5.1.3 Samples

The aim of this work is to produce lattice structures with minimum imperfections. To achieve
this goal, many samples were produced and analyzed. The process parameters for the
production of lattice structures had to be determined. In the first phase, the geometry of the
struts was used. The second phase focused on the unit cell. In the third phase, the geometry
of the entire lattice structures was used.

Single weld tracks

(1), (2) The perspective window of the process parameters was defined based on the
geometry of the single weld tracks. The continuity of the weld tracks was analyzed using
images taken with an optical microscope. In the first phase of the study, the geometry of the
weld tracks was also analyzed. For this purpose, the samples were ground and polished. The
digital light microscope to record the images.

Thin walls

(1), (2) For the thin walls, the influence of the superposition of the welds was analyzed. The
thickness of the walls was analyzed using the metallographic sections. The samples were
ground and polished. The images were taken with a digital light microscope.
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Hollow struts

(1), (2) The geometry of the hollow struts was chosen so that the welds were not only stacked
on top of each other, but also had a rounded geometry. The diameter of the hollow struts
ranged from 0.3 to 3 mm in the first phase and from 0.5 to 3 mm in the second phase. The
vertical and inclined specimens were produced with an inclination of 35.26°, which
corresponds to the BCC lattice structure. The specimens were metallographically ground and
polished to the center of the struts. The images were taken with a digital light microscope.
The thickness of the hollow struts was used to adjust the hatch distance to minimize the
creation of lack of fusion pores.

Hollow struts consisted of two laser tracks

(1), (3) The samples were ground to the center of the struts and polished. The diameter in
the first phase was 0.8, 1.2, 1.6 and 2 mm. The diameter for the second phase ranged from
0.5 to 3 mm with an increment of 0.5 mm. The digital light microscope was used to capture
an images. The images were used to display the volume of porosity between two single
welds. The porosity indicates if the overlap is appropriate.

Vertical and inclined struts

Vertical and inclined struts are part of the lattice structures. The geometry of the body-
centered cubic cell (BCC) is used in the study. This geometry represents the most
unfavorable inclination of 35.26° for production. Therefore, the effect of the process
parameters can be described in the most unfavorable case.

(1) The struts were analyzed by nCT. The diameter of the struts ranged from 0.6 to 3 mm.
The relative material density, pore size, pore shape and pore distribution were determined.

(2) In the second phase, the samples were prepared metallographically. The diameter of the
struts was 0.5, 1, 2 and 3 mm. The digital light microscope was used to take an image of the
samples. The relative material density was measured.

Body centered cubic cells with vertical struts

(2) The geometry of the whole unit cell was used to determine the influence of the process
parameters on the node (center of the cell). The body-centered cubic cells with vertical struts
(BCC2Z) consist of vertical and inclined struts. The diameters of the struts were 0.5, 1, 2 and
3 mm. The cells were analyzed by uCT. The influence of the process parameters on the
formation of pores in the connection between the struts was investigated.

BCC cells

(3) The geometry of BCC cells was used. The diameter of the struts was 1.5 mm. The
metallographic sections were used to analyze the relative material density to obtain suitable
process parameters. The pCT analysis was used to determine the distribution of pores, the
number of pores, the size of pores, the shape of pores and the relative material density.
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BCC lattice structures

(3) 3x3x3 BCC lattice structures with a diameter of 1.5 mm were used to show the influence
of process parameters on mechanical performance. The lattice structures were loaded by
quasi-static tests. The results were also used to determine the Young’s modulus using finite
element analysis (FEA).

5.2 Experiments

5.2.1 Single weld tracks continuity

(1), (2) The continuity of single welds was one of the parameters used to select suitable
process parameters for PBF-LB production. The images of the samples were taken using the
optical microscope (Olympus SZX7, Olympus, Tokyo, Japan). Each single weld was
visually inspected.

5.2.2 Metallographic sections

The metallographic sections were used for many samples. Although they were taken in a
section plane of the samples, the analysis was precise due to the image resolution. The
specimens were ground and polished. In the case of strut or cell samples, the section plane
was in the center. The digital light microscope (Keyence VHX-6000, objective Z250R, zoom
250%, Keyence, Mechelen, Belgium) was used to take the images.

(1) The dimensions of the welds were measured with the digital light microscope, i.e. weld
width, weld height and weld depth. These dimensions were used to select the appropriate
process parameters. In the case of thin walls and hollow struts, the thickness was also
measured using the digital light microscope.

(1), (2) The metallographic cross sections were used to analyze the relative material density
for the hollow strut samples consisting of two laser tracks, struts and cells. The images were
captured using the digital light microscope and converted into binary images using the
threshold method and the Otsu method [107]. The white color represented the material and
the black color represented the pores. The percentage of white color determined the relative
material density.
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5.2.3 pCT analysis

(1) Micro-computed tomography (uCT) analysis was used to determine the distribution of
pores throughout the volume of the sample. In the first phase of the study, the uCT device
(GE phoenix v | tome | x L240, Waygate technologies, Hiirth, Germany) was used with a
microfocus X-ray tube with a voltage of 130 kV, a current of 100 pA and a 0.5 mm wide
copper filter. The voxel resolution was 16 um for all samples with a minimum pore volume
of 2 voxels. The data was reconstructed using Datos reconstruction software and processed
in VGStudio Max 3.1 software. The threshold value was automatically determined based on
the scan of all samples. The relative material density and pore distribution were determined.
The polygonized scans were also used for dimensional accuracy and surface roughness
analysis.

(2) Nanofocus X-ray computed tomography (nanoCT, GE phoenix|x-ray Nanotom 180 NF,
Waygate technologies, Hiirth, Germany) was used to analyze the pores in BCCZ cells. The
following setting was used: an X-ray tube voltage of 130 kV, a current of 80 pA, an
integration time of 600, an average of 5 images, a total of 1500 projections and a 0.1 mm
copper filter to reduce artifacts due to beam hardening. The data were processed in VGStudio
Max 2023.1 using an ISO50 threshold and a minimum of eight voxels for a segmented pore
[111]. The data were processed so that only the material of the BCCZ cells was included in
the analysis. The relative material density and pore distribution in the BCCZ cells were
determined.

(3) The uCT device (GE Phoenix V Tome X 1.240, GE Sensing and Inspection Technologies
GmbH; Wunstorf, Germany) with a voxel resolution of 10 pm was used. A total of 2000
projections were performed. The 180 kV/15W nano-focus X-ray tube with a voltage of 110
KV, a current of 240 pA, an integration time of 334 ms, an average of 3 images per projection
and a 0.2 mm copper filter were used. The data was processed in VGStudio Max 2023.4.1.
The bound powder particles on the samples were not included in the analysis. The uCT
analysis was used for BCC cells. The parameters evaluated were relative material density,
pore distribution, pore shape and pore volume.

5.2.4 Surface roughness

(1) The surface roughness was measured on the downskin of the inclined struts, where the
downskin area is most vulnerable to the influence of the PBF-LB high-energy process. In
the first phase, the high-resolution polygonized data from the nCT analysis was used. The
data was processed in the GOM Inspect software by comparing CAD data and polygonized
data. The surface roughness Ra was calculated from the deviation.
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(2) The digital microscope (Keyence VHX-6000, objective Z250R, zoom 250%, Keyence,
Mechelen, Belgium) was used to analyze the surface roughness Ra. The surface roughness
was measured on the downskin area of the struts in the 5 lines. The final value was
determined as an average value.

5.2.5 Dimensional accuracy

(1) The GOM Inspect software was used to determine the dimensional accuracy of the struts.
In the first phase, the polygonized samples from the pCT analysis were used. The Gaussian
cylinder with an accuracy of 3 sigma was fitted to the data. The Gaussian cylinder was used
to obtain the actual dimension of the struts.

(2), (3) The optical 3D scanner (Atos Triple Scan IlIl, GOM GmbH, Braunschweig,
Germany) was used to obtain the real surface of the struts. The maximum inscribed and
minimum circumscribed cylinders were fitted to the polygonized data to obtain the bearing
diameter of the struts and the diameter affected by the bonded powder particles on the surface
of the struts.

5.2.6 Melt pool morphology and microstructure

(3) The morphology of the melt pool and the microstructure have an influence on the
mechanical properties. Therefore, the cross-sections of BCC cells produced from the
magnesium alloy WE43 were analyzed. The images were taken with an light microscope
(Olympus GX51, Olympus, Tokyo, Japan).

(3) The microstructure and chemical composition of the samples were analyzed using a
scanning electron microscope (SEM). The scanning electron microscope (Zeiss Ultra Plus,
ZEISS, Oberkochen, Germany) was equipped with an energy dispersive X-ray spectrometer
EDS (X-Max 20, Oxford Instruments, Abingdon, Oxfordshire, United Kingdom). An
acceleration voltage of 10 kV was used.
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5.2.7 Quasi-static compression testing

(3) The 3x3x3 BCC lattice structures were loaded under compression to determine the
mechanical performance of the structures fabricated using different laser strategies. A
universal testing machine (Shimadzu AGX-V 100kN, Shimadzu Corporation, Kyoto, Japan)
equipped with a mechanical extensometer attached to the compression plates was used. The
test speed was 1 mm/min and the sampling rate was 100 Hz. The deformation behavior was
observed with a digital 3D image correlation system (DIC) from Dantec Dynamic (Dantec
Dynamics a/s, Skovlunde, Denmark). The DIC was equipped with two 5 Mpx cameras with
50 mm objectives. A stereo base of approximately 150-175 mm and an angle of 20-25° was
used. The facet size and grid spacing were set to 25 Px and 13 px, respectively. The rate of
Image acquisition was 1 Hz.

5.2.8 Simulation

(3) Finite element analysis was used to determine the Young’s modulus of the material. The
quarter geometry of 3x3x3 BCC lattice structures was used. To represent the real dimensions
of the structures, the maximum inscribed diameter of the struts was used. This diameter
represents the load-bearing diameter of the struts. The structure was placed between two 0.5
mm thick plates. The lower plate was fixed and a displacement of -2 mm was applied to the
upper plate. A friction coefficient of 0.45 was applied between the plates and the specimens
[113]. An element size of 0.6 mm was used. The material of the plates was stainless steel,
which has a Young's modulus 50,000 times higher than the WE43 magnesium alloy. The
magnesium alloy was defined based on the powder manufacturer's data, i.e. Poisson’s ratio
of 0.27, Yield strength of 220 MPa, Young’s modulus of 45 GPa and tangent modulus of
920 MPa. The variable parameter was the Young’s modulus which was changed in steps of
5 GPa until the deviation between the effective elastic modulus from the mechanical tests
and the simulation was less than 5%. The final Young’s modulus represented the material of
the tested lattice structure.
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6 RESULTS AND DISCUSSION

The following section summarizes the most important results, particularly in the field of the
production of lattice structures from lightweight materials. The first part is divided into three
subsections representing the research included in the study. The subsections focus on three
topics, namely the production of struts using the aluminum alloy contour strategy, the
production of BCCZ cells using the magnesium alloy contour strategy, and the production
of magnesium alloy lattice structures using various laser strategies. Each subsection is
dedicated to testing one of the above scientific hypotheses. The second part consists of a
complete version of the research papers in which the results are discussed in detail.

6.1 Research paper |

The most important results of the Research paper | related to the influence of the contour
strategy on the production of vertical and inclined struts. A new approach for the definition
of the process parameters was presented, in which the geometry close to the lattice structure
was used to adjust the process parameters. The production sequence of the contour strategy
trajectories was also taken into account. The promising process parameters were determined
based on the quality of the struts, taking into account the relative material density, surface
roughness and dimensional accuracy.

The window of process parameters laser power and laser speed for the aluminum alloy
AlSi10Mg was determined based on the quality of single welds, excluding non-continuous
and high energy influenced combinations [5, 60, 61]. The promising window was as follows:
Laser power 200-350 W, laser speed 500-1400 mm/s, corresponding to a linear energy of
0.25-0.4 J/mm.

The track width was determined from single welds, thin walls and hollow struts. The
thickness of the thin walls and hollow struts increased by 28% and 34%, respectively,
compared to the width of the single weld. The influence of the stacked laser trajectories thus
had a significant effect, as did the influence of the geometry.

The hatch distance was determined using the value of the overlap. The overlap represents
the percentage value of the track thickness that is overlapped by the neighboring laser track
in the contour strategy. To determine the appropriate value of overlap, the relative material
density between two laser tracks was measured using hollow struts consisting of two laser
tracks. An overlap of 35% was considered sufficient.
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The determined window for the laser power and laser speed as well as the overlap of 35%
were used for the production of vertical and inclined struts. The overlap was determined
using the equation from the response surface analysis of the thickness measured on the
hollow struts. Different values were determined for vertical and inclined struts. This may be
related to the different heat dissipation for both orientations [27]. The influence of the
process parameters was determined using the relative material density from the pCT
analysis. The order in which the laser trajectories were produced in the contour strategy had
an effect on the formation of material porosity. The out-in direction led to the formation of
irregular pores in the center of the struts. This was caused by the drag of the surrounding
powder into the melt pool during the PBF-LB process [108]. The in-out direction reduced
this effect. The fabricated struts resulted in a relative material density of over 99.9% for the
vertical struts and 99.65% for the inclined struts.

Even though the relative material density was good, some struts showed pore formation in
the center of the struts. This led to the assumption that the overlap at the center of the struts
was not set to the appropriate value of 35%. Therefore, the equations from the response
surface analysis for the thickness of the hollow struts were used to determine optimal
combinations of process parameters with a constant overlap of 35% between all laser
trajectories in the contour strategy. The produced struts achieved a relative material density
of over 99.8% for all selected combinations of process parameters. The results were even
more significant compared to the commonly used process parameters for AISil0Mg, where
the relative material density of the samples reached 98% in some cases. The specific
selection of process parameters for strut diameter and inclination led to an improvement
compared to a set of process parameters used in the studies by Dong et al. [29, 52].

The dimensional accuracy was compensated with the beam compensation parameter. The
appropriate value of 34% of the thickness of hollow struts was found to be optimal. The
dimensional deviation for the vertical struts was improved from the median value of -0.11
mm to 0.3 mm. For the inclined struts from -0.10 mm to 0.04 mm. The inclined struts still
had an elliptical shape as there was more material in the downskin region [27, 42].

The process parameters also had a significant influence on the surface roughness Ra of the
struts. The surface roughness Ra increased with the energy of the process parameters. As the
strut diameter increased, the surface roughness Ra decreased. The vertical struts reached a
maximum Ra of 16 um and the inclined struts a maximum Ra of 80 pm, measured on the
downskin of the inclined struts. The results are consistent with the study by Tian et al. [38],
in which a smaller angle of inclination led to a higher surface roughness.
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6.2 Research paper Il

Research paper Il focused on the PBF-LB quality production of BCCZ cells from the
magnesium alloy WE43. Magnesium alloy is a special material that is difficult to process
with PBF-LB technology [75, 76]. Therefore, the findings from the first research work were
used for the production of BCCZ cells. The influence of the process parameters on the
relative material density, surface roughness and dimensional accuracy was described.

A wide window of process parameters was used for all experiments, i.e. a laser power of 50-
250 W and a laser speed of 200-1000 mm/s. The track width changed with the linear energy
and the sample geometry. The single welds, thin walls and hollow struts showed the same
linear increasing trend up to a linear energy of 0.4 J/mm. At a linear energy of more than 0.4
J/mm, the hollow struts lead to a higher track width, while single welds lead to a lower track
width. In the case of the hollow struts, the increasing diameter led to a decreasing weld width.

For the overlap determination, the hollow struts were produced from two laser tracks. The
highest relative material density was measured for the overlap between 45% and 80%,
depending on the energy of the process parameters and the diameter of the struts. For vertical
struts, it was also found that a lower energy of the process parameters required a higher
overlap to achieve a high relative material density, which may be related to the heat
dissipation during the fabrication of PBF-LB struts [27].

The relative material density 99.3-99.6% was achieved for vertical and inclined struts with
diameters of 0.5-3 mm at an area energy between 1.15-3.69 J/Jmm?®. The area energy was
determined from the laser power, the laser speed and the hatch distance. The production of
the magnesium alloy WE43 using PBF-LB was more difficult when manufacturing struts
low volume.

The process parameters for vertical and inclined struts, which achieved a relative material
density of over 99.2%, were used for the production of BCCZ cells. BCCZ cells combine
both vertical and inclined struts. The BCCZ cells with diameters of 0.5 mm and 1 mm
achieved a relative material density of over 99.8%. Diameters of 2 mm and 3 mm achieved
a relative material density of less than 99.7%, but open, irregular pores were present. Open
pores could not be included in the uCT analysis, therefore the quality of these BCCZ cells
was insufficient. This may be related to the higher volume of the material, which has a
different heat dissipation compared to the struts [27, 29, 52].
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The surface roughness Ra measured on the side of the struts reached 30-64 um for vertical
struts and 42-64 um for inclined struts. The energy of the process parameters influenced the
surface roughness Ra. Higher energy resulted in higher surface roughness, which contradicts
the results of Han et al. [37]. On the downskin of the inclined struts, the amount of bound
powder particles was high, so the surface roughness was not measured there. This effect was
probably caused by the high-energy PBF-LB process and the low melting point of the
magnesium alloy [1, 2, 76]

To measure the amount of bonded powder particles on the surface of the struts, the maximum
inscribed diameter and the minimum circumscribed diameter were used [42]. Depending on
the orientation of the strut, the maximum inscribed diameter deviated from the nominal
diameter by 4-44%. The minimum circumscribed diameter reached 3.5 times the nominal
diameter. This situation occurred with high energy process parameters and a diameter of 0.5
mm. The diameter was mainly influenced by the bound powder particles on the downskin of
the struts [30, 39-42, 76].

6.3 Research paper Il

Research paper 111 dealt with the influence of laser strategies on the quality of BCC lattice
structures produced from a WE43 magnesium alloy processed with PBF-LB. The results of
the previous study showed that the contour strategy might not be suitable for the production
of BCCZ cells from a magnesium alloy. Therefore, the hatch strategy was considered. The
combination of laser strategies and skywriting was also considered. The results described
the influence of the laser strategies on the relative material density, pore distribution, pore
volume, pore shape, microstructure, chemical composition, mechanical performance and
material properties of the BCC lattice structures.

The BCC cells were fabricated using the contour strategy and the hatch strategy to determine
sufficient process parameters based on metallographic cross-sections. For each laser
strategy, a set of process parameters was selected based on relative material density (above
98.97%).
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Selected process parameters were used for the fabrication of BCC cells for pCT analysis of
relative material density, i.e., contour strategy, hatch strategy, combination of contour and
hatch strategy, hatch strategy with skywriting, and combination of contour and hatch strategy
with skywriting. The contour strategy achieved a relative material density of 99.13% with
pores between the laser trajectories in the struts and more pores in the node. The results were
in agreement with those of Pauly et al. [6]. The Hatch strategy achieved a relative material
density of 98.87% with pores near the surface of the cell [43, 44]. The number of pores in
the node was reduced. The combination of the botch strategies resulted in a relative material
density of 99.11% using the contour strategy for the struts and the hatch strategy for the
node. Skywriting for the combination of both strategies had no positive effect. On the other
hand, skywriting for the hatch strategy led to a reduction in subsurface pores and achieved a
relative material density of 99.55%. Skywriting resulted in a constant laser speed through
the cross-section, which was crucial for the reduction of subsurface pores [45].

In addition, the hatch strategy with skywriting had a low number of dangerous pores defined
for compactness in the range of 0-0.5 and sphericity of 0-0.55 [36]. The melt pools had
visible boundaries typical of PBF-LB technology [101, 102]. The microstructure showed
very fine areas rich in rare earths, which were not observed with the contour strategy. Due
to the high energy of the process parameters, the contour strategy showed no visible
boundaries of the melt pools that could affect the mechanical performance [103-105].

The mechanical performance of BCC lattice structures fabricated using the contour strategy,
the hatch strategy with skywriting, and the combination of both strategies was quasi-
statically tested. The effective elastic modulus of structures ranged between 130-152 MPa.
However, the mechanical performance was affected by the actual diameters of the struts
[29]. The contour strategy and the combination of both strategies had a strut diameter of 1.96
mm (nominally 1.5 mm). The hatch strategy with skywriting achieved a diameter of 1.65
mm. The measured diameter was the maximum inscribed diameter, which is the bearing
diameter of the struts [42].

Therefore, simulation was used to determine the Young’s modulus of the material [55].
Typically, the Young’s modulus of material in the lattice structure is lower than that of bulk
material [29, 52]. The hatch strategy with skywriting achieved Young's modulus of 40 GPa
(the nominal value for the magnesium alloy WE43 is 44-45 GPa [109, 110]). The contour
strategy achieved Young’s modulus of 15 GPa and the combination of both strategies
achieved 20 GPa.

6.4 Original research papers
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ABSTRACT

This paper deals with the research of the Selective Laser Melting (SLM) scanning strategy to produce lattice
structures from AlSi10Mg powder material. Nowadays, most of the SLM end-users use the laser strategy and
parameters recommended by powder or machine suppliers to produce different components. However, this setup
can cause material and shape imperfection, especially in the case of low-volume lattice structures. In this study,
the default meander scanning strategy for AlSi10Mg material was changed to contour strategy and its main SLM
process parameters were developed. Commonly used experiments were modified to consider the lattice struc-
ture's shape and dimension. The results showed that by using developed parameters, i.e., recommended range of
input linear energy of 0.25-0.4 J/mm; track width based on strut diameter, input linear energy and the orien-
tation of strut; the overlap of the laser contour tracks of 35% and inside-out direction; it is possible to produce
lattice structures with high material density (more than 99.8%) and low surface roughness in a wide range of
strut diameters from 0.6 to 3 mm. The differences in lattice structure production of vertical and inclined struts
are described and discussed in relation to the SLM process during powder melting with use of thermal transient

simulation.

1. Introduction

Additive technologies have become increasingly used to manufac-
ture unique parts, mainly due to the ability to produce components with
complex shape from a wide range of materials. It allows us to be inspired
by the shape diversity of nature during the product design phase and to
produce components with very few limits compared to conventional
production. One of these unique shapes is a lattice structure with the
potential for application in the aerospace or space industry due to a great
weight to load ratio [1-4].

Selective laser melting (SLM) is a part of laser powder bed fusion (L-
PBF) technology which is an additive technology that produces the
components layer-by-layer using a high-energy laser to melt the fine
metal powder. This technology allows processing of a wide range of
metal materials from aluminium alloys to high-strength titanium alloys;
therefore, it is a promising technology for various advanced industries.
The SLM process is controlled by many process parameters that directly

* Corresponding author.

influence the produced parts' quality and mechanical properties. The
key parameters are those of the laser, i.e., laser power (LP), laser speed
(LS), and the parameters of the scanning strategy, i.e., hatch distance
(HD), overlap (OL), beam compensation (BC), and the type of used
strategy (stripe, chessboard, contour etc.) [5-7]. The qualitative issues
of the wrong setting of SLM process were examined mostly on the
volumetric parts [8-10]. The results showed that the main imperfections
arise not only on the surface of the parts (surface roughness, dimensional
accuracy) but also inside of the material (porosity, unmelted areas,
inappropriate material structure). In case of low-volume lattice struc-
ture, the same imperfections occur; however, they behave differently
during SLM manufacturing process as was shown by Dong et al. [11].
They manufactured thin tensile samples with various diameters from 1
to 5 mm and examined the diameter's size effect on porosity and me-
chanical properties. The results showed that the porosity and mechan-
ical properties were unstable for dimensions below 4 mm, i.e., the
porosity increased, and mechanical properties decreased. It follows that
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for thin lattice structures, the default SLM process parameters led to
worse results, and the parameters and laser strategy must be improved.

The results of the previous study could be closely associated with the
lattice structure geometry usually composed of many thin inclined
struts. The heat flow and dissipation of the thermal energy after laser
melting are lower compared to full volumetric parts. It was shown by
Delroisse et al. [12], who divided the inclined strut into the upper and
bottom areas (above and below strut axis) due to the different quantity
of an internal porosity observed by pCT. The upper area of the inclined
strut contained a porosity of 0.1% compared to the bottom area with a
porosity of 4%. The same situation was observed in the BCC cell node by
Liu et al. [13].

This thermal behaviour also contributes to the increase of surface
roughness, as was shown by other studies [14-16], which can resultin a
change in thin-struts shape, as was shown in studies [17-20]. Han et al.
[14] described two possible explanations for high surface roughness in
down-skin areas. First, the commonly known stair effect, which arises
due to layer-by-layer production and orientation of strut. The second is
the melt pool's flowability, which is in the liquid phase for a longer time
due to the accumulation of thermal energy in the low-volume struts.
Then, the melted material can flow deeper into the surrounding powder
bed and the powder particles could be entrapped on the strut surface.

One way to reduce the consequences of the thermal accumulation is
to reduce the input laser energy by modification of the SLM process
parameters. However, it is also necessary to modify the SLM scanning
strategy because they are strongly connected, as was described in many
studies [10,15,21-27]. The authors [21,22] showed LP and LS's effect on
the single-track width. As LP increased and LS decreased (i.e., the input
laser energy increased), the single weld-track width increased. The au-
thors [21,23] defined the key weld track parameters, i.e., depth and
width of the track, which ensure the right connection between neigh-
bouring tracks and previous layers as well as the height of the track,
which must be close to the applied layer thickness. Tian et al. [15]
measured the contact angle between single track's surface and base
plate. A contact angle higher than 90° led to the formation of a balling
effect, which could cause a higher porosity between neighbouring track
welds due to unmelted powder particles. Other authors focused on the
overlapping of the neighbouring tracks [10,25]. They found out that too
low HD led to spherical porosity between weld tracks due to material
overheating and following material evaporation. Due to the fast solidi-
fication of melted material, the vapours were trapped inside the
material.

On the other hand, the large HD causes poor or no connection be-
tween the neighbouring single-tracks and trapping of the unmelted
powder between them [28]. According to the melt pool behaviour, the
composition of the powder is also related to the porosity between single
tracks. Louvis et al. [26] described that the AlSi10Mg alloy formed an
oxide film at the melt pool's edges. Oxide film limits the melt pool
flowability and causes porosity due to nonmelted powder particles
closed between the laser tracks.

The SLM process parameters setting's influence was also examined
directly on the lattice structure geometry. Qiu et al. [27] dealt with the
lattice structures with a diameter of 0.3 mm. Using a constant LS of
7000 mm/s and increasing LP (in the range of 150-400 W) the diameter
of struts was increased in the range of 0.26-0.5 mm. By using a constant
LP of 400 W and increasing LS (in the range of 1000-7000 mm/s), the
struts' diameter was decreased in the range of 0.8 to 0.6 mm. It follows
that the parameters setup directly influences the final dimensions of the
lattice structure and thereby the mechanical properties. Vrana et al. [16]
performed a complex study that described the influence of the main SLM
process parameters (LS, LP, HD) directly on the lattice structure im-
perfections such as internal porosity and surface roughness. They also
used special contour strategy to reach relative density of AlSi10Mg low-
volume material of 99.83%. The results showed a clear dependence of
porosity and surface roughness on the input energy. However, the study
was performed only for the strut diameter of 2 mm, and the results for
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other sizes could differ, as was shown by Dong et al. [11]. The scanning
strategy for lattice structure production was also dealt with Pauly et al.
[7]. They used three different scanning strategies to produce a thin strut
geometry - chessboard strategy (small pores; pre 97.2%), stripe
strategy (sharp pores; pre; = 98.5%), contour strategy (small round
pores; pre] = 97.7%). The results showed that the strategy could signif-
icantly influence mechanical properties due to the shape of the pores
and the porosity level.

Mechanical properties of low-volume lattice structures had higher
susceptibility to material imperfections when the universal SLM process
parameters were used [29,30]. These authors used recommended pro-
cess parameters for lattice structures production and significant surface
roughness and dimensional deviation (between —7.5% to —12.5%) were
obtained. These deviations resulted in large differences in simulated
mechanical properties using nominal dimensions of lattice structures
and finally, the actually measured geometry had to be used to predict
correct mechanical behaviour. The final results showed a strong corre-
lation between computed and experimental mechanical properties.
Kempen et al. [9] showed the influence of borderline porosity on me-
chanical properties. The porosity was generated by used scanning
strategy and affected mechanical properties.

Based on the previous results, this study will focus on improving the
lattice structure production using the contour laser strategy approach.
The main goal is to find out a dependence of the main SLM process
parameters on the lattice structure dimensions (dimensions up to 3 mm)
and to reach stable and predictable lattice structure parameters such as
porosity, surface roughness, and dimensions after SLM production.

2. Materials and methods

For better orientation in present study, a brief experiments workflow
was created. The detailed description of the used materials and methods
is further in the chapter.

To define the contour laser strategy (CS) parameters, the following
workflow must be performed:

Single weld tracks experiment - the perspective SLM process window
was defined based on the visual and digital-light microscope results
(Table 2).

Thin wall/ hollow strut experiment - the single weld track sample
was changed to 3D shapes of wall and hollow strut samples that in-
cludes the thermal conditions during lattice structure
manufacturing. The larger dimensions were obtained compared to
the single weld track experiment (Fig. 11).

The key 3D dependence - diameter (d) vs. input linear energy (LE) vs.
hollow strut thickness (HT) dependence was created that describe
the change of the HT parameters and allows contour strategy pa-
rameters adjustment according to actual lattice structure geometry
(diameter, orientation, Fig. 14).

Overlap (OL) experiment - connection between two hollow strut
walls was analysed. The optimum OL values were evaluated based on
the porosity in the overlap area (Fig. 13).

e Porosity experiment (1st testing loop) - Based on the previous results,
the contour strategy was designed. The porosity results showed
imperfection (Table 5); therefore, the parameters were modified.
Porosity experiment (2nd testing loop) - Significant improvement of
porosity result was observed (Fig. 16); therefore, the dimensional
and surface roughness analysis were performed.

Porosity experiment (3rd testing loop) - The final fine tuning of a
contour laser strategy was performed using d vs. LE vs. HT depen-
dence. Various SLM parameter were defined as optimal for different
strut diameter (Table 6).
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2.1. Selective laser melting manufacturing

SLM machine (SLM 280", Liibeck, Germany) equipped with a 400 W
Ytterbium fibre laser has been used to manufacture all samples. The
laser source had a Gaussian distribution and was focused on a spot
diameter of 82 pm. The process conditions were constant for all pro-
duced batches of samples, i.e., the oxygen level was kept under 0.2%
during the SLM process, the protective atmosphere of nitrogen was used,
the platform was heated to 150 °C, the layer thickness of 50 pm was
applied and the main SLM parameters were used based on the results of
this study. All samples were produced from the gas atomised aluminium
alloy AlSi10Mg (TLS Technik GmbH, Bitterfeld, Germany) with particle
size distribution in the range of 15-60 pm (Fig. 1b).

2.2. The main contour laser strategy parameters

The basic SLM experiments described in the studies
[13-15,21,23,24] were modified to consider the specific conditions
during SLM manufacturing of low-volume lattice structures. The ob-
tained parameters were used to define the parameters of the presented
contour laser strategy shown in Fig. 1a, which are - laser power (LP),
laser speed (LS), overlap (OL) and beam compensation (BC). Overlap
(OL) defines sufficient connection between two laser tracks inside the
strut and is determined by contour distance (CD). The exact value of OL
can be found only for the known track width (HT). Beam compensation
(BC) indicates the strut border's offset to achieve the required strut size.

2.2.1. Laser process parameters window

The single-track experiment aimed to describe the influence of the
LP, LS laser parameters on the quality of the A1Si10Mg single track welds
and thereby find a suitable process window include the consistent track
welds with the known welds' width. Single track welds were produced
on the top side of a 5 mm solid material block (Fig. 2b) and captured by a
light microscope (Olympus SZX7, Olympus). The images were further
used for track welds width measurement and visual evaluation of the
single-track welds' continuity and uniformity. The track width (TW) was
measured in twelve points along two single track welds (24 values) and
the average value was evaluated (Table 2). During the experiment, the
following parameters were changed - LP in the range of 175-400 W
and LS in the range of 200-2000 mm/s.

2.2.2. Geometry of single-track welds

Based on the previous experiment, the second batch of single-track
welds was focused on the track weld's geometry. The laser parameters
were the same as in the previous test, but the ranges were narrowed
according to the perspective process window, i.e., LP in the range of
200-350 W, LS in range of 500-1400 mm/s which corresponds to the
input linear energy (LE) of 0.25-0.4 J/mm (expressed by Eq. (1). The
track weld geometry was measured on metallographic cross-sections
using a digital-light microscope (Keyence VHX-6000, Z250R lens,
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zoom 250x). The evaluated parameters were track weld width (1),
height (2), and depth (3), as is shown in Fig. 2a.

LP

LE =< (

J/mm) @

2.2.3. Influence of the samples geometry

As was already mentioned in the introduction, the porosity and
surface roughness are affected by a base material's thermal conductivity.
The total thermal conductivity of the whole component then further
depends on it's shape and orientation. Therefore, the basic single-track
experiment was modified in two steps to investigate their influence on
the samples's shape. First, the geometry was changed into thin-wall
geometry (3D single track) and then into the shape of the hollow
strut, representing the geometry of lattice structure. Both modified ge-
ometries consist of one single track in each layer (Fig. 3b) that allows
observing the changes caused by modified samples heat dissipation. The
resulting thickness of the walls and hollow struts were compared with
the single-track welds' width. The thin walls had a rectangular geometry
of 10 x 2 mm and were produced in two orientations, i.e., vertical and
inclined (35.26°), that corresponds with BCC and BCC-Z lattice unit
cells' basic geometry. The hollow struts samples were produced in the
same two orientations with the diameters range of 0.3 to 3 mm. Various
dimensions and two orientations of the samles were used to describe the
influence of size and orientation effects on the hollow strut thickness.
The laser parameters were used within the perspective process window
of LP and LS (LP 200-350 W; LS 500-1400 mm/s). The geometry was
measured on metallographic cross-sections using a digital-light micro-
scope (Keyence VHX-6000, Z250R lens, zoom 250x). The thickness
values were measured as the average values between the two lines, each
was made by interpolation of five border points (Fig. 3a).

2.2.4. Overlap parameter

The overlap experiment was performed to ensure sufficient connec-
tion between neighbouring single-track welds and avoid excessive
remelting of material in their connection that can initiate the inter-weld
porosity. The sample's shape was a hollow strut composed of two laser
tracks (Fig. 4b). The OL parameter was chosen in the range of 0-55% of
the hollow strut thicknesses. The nominal diameters of the two tracks
hollow strut were 0.8; 1.2; 1.6; 2 mm. The track OL was evaluated based
on the internal porosity (image analyses, ImageJ, threshold 100)
measured in connection to the two tracks (Fig. 4a). The results were
evaluated from metallographic cross-sections captured by a digital-light
microscope (Keyence VHX-6000, Z250R lens, zoom 250x).

2.3. Analysis of porosity, surface roughness and dimensional accuracy

The shape and dimensions of the component can significantly affect
the formation of the SLM manufacturing imperfection [11]. Therefore,
to obtain meaningful results, the sample's shape must be as close as

Fig. 1. (a) The parameters of the contour strategy: hollow strut thickness (HT), overlap (OL), contour distance (CD) and beam compensation (BC); (b) the shape of

powder particles (scanned by SEM).
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(a) (b)

Fig. 2. (a) Measured geometrical parameters of the single-track welds; (b) the single-track sample.
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Fig. 3. (a) Methodology of the thin-wall and hollow strut thickness evaluation; (b) geometry of hollow strut and thin-wall.

(b)
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Fig. 4. Porosity measured in the connection of neighbouring laser tracks (a) metallographic cross-section of two track hollow strut, (b) the final monochrome image
analysed by ImageJ software, (c) geometry of hollow strut consists of two laser tracks.

Table 1
The list of the applied SLM parameters in the study.
Parameters 1%t loop 2nd loop 3 loop
Laser process Values from previous hollow strut experiment LP and LS according to
param. RSA
Dir. of cor'1t0ur Outside-in Inside-out
production
Track width Previous hollow struts Response Surface Analysis (RSA)
results
Beam i 1/2 of the thickness of the 1/3 of the thickness of the hollow strut samples
Compensation hollow strut samples
Overlap 30 % 35 %
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= Hatch
= Fill contour
= Boder

Fig. 5. The default SLM process parameters (a) schema of the meander strategy
(b) table of the process parameters.

possible to the final part. In the case of the lattice structure, the strut
geometry was chosen. The experiments were further focused on
obtaining the porosity distribution, pores size, surface roughness and
dimensional accuracy of the strut samples.

The struts were produced in two orientations, i.e., vertical and in-
clined (35.26°), that corresponds with BCC and BCC-Z lattice unit cells'
basic geometry. The struts' diameters were used in the range of 0.6-3.0
mm, and the thickness of the track (HT) was set differently for each
diameter according to the previous results. Other parameters were
constant and were applied according to the testing loop, as is shown in
Table 1.

Based on the first testing loop results, the influence of the contour
track production order was evaluated on the level of porosity; therefore,
the inside-out direction of production was applied in the second and
third loops to reduce material imperfection for strut diameters over 1.0
mm. Moreover, finally, the OL was changed to 35% according to
porosity results (Figs. 15b, 13) and the BC of 1/3 hollow strut thickness
was used after the first results of dimensional analysis. All results were
compared to the default SLM process parameters i.e., meander hatch
strategy (Fig. 5a).

X Hatch Fill cont. Border
LP (W) 350 250 300
LS (mm/s) 1150 555 600
LE (J/mm) 0.3 0.45 0.5
OL (%) 50 50 50
Laser focus 0 —4 0

2.4. Porosity analysis

The porosity was analysed in two ways. First, the porosity was
evaluated in the connection of the two laser tracks by digital-light mi-
croscope. In this case, the cross-section images of the two tracks hollow
strut were captured by the digital-light microscope (Keyence VHX-6000,

(a)

Fig. 6. Porosity analysis (a) group of samples scanned together, (b), (c) internal porosity of vertical struts, (d), (e) inclined struts.
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Z250R lens, zoom 250x) and analysed using ImageJ software. Then the
porosity value was evaluated as the percentage of black in the mono-
chrome images. The second, a micro-computed tomography approach
(KCT, GE phoenix v | tome | x L240, Waygate technologies, Hiirth,
Germany) was used for porosity analysis in the whole volume of the strut
samples and evaluation of the influence of contour strategy parameters
on the occurrence of material imperfections (Fig. 6a). The following
adjustment of the measurement was used i.e., a micro-focus X-ray tube
with a voltage of 130 kV, a current of 100 pA and a 0.5 mm wide copper
filter. The achieved linear voxel resolution was 16 pm for all samples
with a minimal pore volume of 2 voxels. The scanned data were further
reconstructed in the Datos reconstruction software and processed in
VGStudio MAX 3.1 software (Fig. 6b,c,d,e). The threshold value was
obtained automatically from common scan of all samples (Fig. 6a) and
applied to segmented samples This was performed to ensure the
comparability of the results of struts porosity [31]. The main outputs
from the pCT analysis were 3D images of the material porosity for all
produced struts (more than 232 samples), i.e., its level and distribution
for each strut. The pCT was also used to digitize a struts shape to STL
format which was used for dimensional accuracy and surface roughness
analysis. These outputs enabled to find the dependences of porosity and
surface roughness on the strut diameter and LE.

2.5. Shape and surface roughness analysis

N
Ro= g Dbl ) @

The surface roughness and shape of struts were investigated using
the digitised STL data from pCT even though relatively high voxel size
resolution of 16pm. The main purpose of this analysis was to use large
data set from pCT analysis and find out dependences of these parameters
according to the strut diameter and LE, not exact values.

The evaluation was performed in the GOM Inspect software by the
following procedure. First, the digitalised data was aligned to CAD data
using the Best fit method. The surface roughness was measured as
dimensional deviation from CAD in 200 points of line selection on the
down-skin surface of the inclined strut (Fig. 7a). The deviations were
converted to Ra surface roughness according to Eq. (2). Then, the strut's
actual diameter was measured by fitting an ideal Gauss cylinder (used
selected point: 3 sigma) to the largest possible area of the digitalised
data (Fig. 7b).

2.6. Numerical simulation

The transient thermal simulation was performed in Ansys Work-
bench software to clarify the observed effects in porosity and surface

. Volume
b 5 00020
X A 00018
¥ 00016
00014
g 00012
EL% 00010
X 0 0008
0 0006
i 0 0004
4 00002
0 0000

(b) () (d) (e)
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Fig. 7. (a) Surface roughness analysis on a vertical strut, (b) the inclined strut with fitted Gauss cylinder and red marked area of selection. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Part 3

Part 2

Fig. 8. The numerical model of the transient thermal simulation.

Table 2
The results of the first evaluation of the single-track weld's width. The marked samples are shown in the
figure above.

Laser Speed (mm/s)
TW (um)
200 | 300 | 400 | 500 | 600 | 700 | 800 | 900 {1000 1100|1200‘1300|1400|1500‘1600|1700|1800|1900|2000
175 § 353 || 310 | 261 | 290 | 246 | 221 | 214 | 199 | 223
200 j§ 401 [ 343 | 303 | 286 | 317 | 271 | 240 | 210 | 201 | 210
225 3741 309 | 271 | 255 203|199 || 174 | 163 | 145
§ 250 344 270 | 253 | 233 [ 223 [ 201 | 180 | 161 | 163 | 159
“‘;’ ﬂ 380|346 | 332|289 | 262 | 277 | 235 | 227 | 221 | 201 | 149
§ 300 305 [ 325 | 308 | 267 | 260 | 232 | 223 | 202 | 211 | 193 | 183 | 192 | 186
E 325 333|316 | 275|274 | 262 | 258 199 (200 | 196 | 189 | 176 | 168
350 358 | 336 | 328 | 317 | 300 | 261 | 259 | 259 | 205 | 200 209 | 205 | 352
375 317|308 | 201 || 372 | 370 | 272 | 267 | 250 | 287 | 230 | 237 | 239 | 223 | 217
400 357 [ 332 [ 358 || 301 | 273 | 234 | 236 | 223 | 214 | 206 | 223 | 216 | 212 | 201 (210

645



R. Vrana et al.

LP 350 W; LS 1500 mm/s;
LE 0.23

LP 250 W; LS 400 mm/s;
mm

it

LP 225 W; LS 700 mm/s;

Journal of Manufacturing Processes 74 (2022) 640-657

LP 325 W; LS 1100 mm/s;
_ LE 0.29 J/ml

Fig. 9. The images of single-track welds captured by a digital-light microscope - (a) LE = 0.23 J/mm; (b) LE = 0.63 J/mm; (c) LE = 0.32 J/mm; (d) LE = 0.29 J/mm.
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(a) (b)

Fig. 10. (a) The geometrical parameters of the single-track welds vs. linear energy, (b) the examples of the typical shapes of the single-track welds.
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Fig. 11. (a) The comparison of the single tracks width, hollow struts, and thin walls thickness, (b) the chart of the HT parameters vs. LE for vertical hollow struts (c)

inclined hollow strut.
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roughness. The numerical model represents the situation during the SLM
production of the strut when a part of the strut was already produced,
and the next layer is producing. The height of the model is 1 mm and
consists of three parts for simulation of hollow strut experiment (Fig. 8).
The Part 1 and Part 3 represent surroundings powder bed, and the Part 2
is solidified AlSi10Mg material. The mesh of all parts was created by the
hex dominate Solid 90 elements with size of 0.05 mm (used layer
thickness). Material parameters were used from Ansys Additive
Manufacturing materials library and modified according to studies
[25,32-34]. On the upper surface of all three parts the air convection
was applied. The heat source (laser) was applied using the Moving Heat
Source extension where the laser's circular trajectory was defined. The
input energy was defined using LP and LS parameters. For simulation of
full strut, the model was modified to consist only of Parts 2 and Parts 3.
There is no powder in the centre part of the strut; therefore, Part 1 was
removed, and Parts 2 was extended and filled the centre area of the strut.

3. Results
3.1. Laser process parameters window

Table 2 shows the results of the track width parameter (TW)
measured by a digital-light microscope and the area of fine continuous
track welds evaluated by a visual check (green area of the table). All
samples were sorted according to the track weld's shape and quality into
three types of colours. Fig. 9a shows the balling effect, which is typical
for low input energy production (red colour). In Fig. 9b, the track weld's
width is large and the height too low (orange colour). It was caused by
the high input energy of the laser. In Fig. 9¢,d, there is shown ideal
situation when the single-track welds were continuous without any in-
terruptions (green clolour). The final perspective window is in the range
of LP 200-350 W; LS 500-1400 mm/s; linear energy LE 0.25-0.4 J/mm.

The previous experiment was performed again for a deeper evalua-
tion of the track welds' geometry using fine cross-sections images. The
results are presented in Fig. 10a, where the strong dependence of the
track welds' geometry on the LE is shown. The results show that due to
the liquid melt pool's surface tension at a low energy level, the track
weld's height is high, but the width and depth are low (Fig. 10b-low liner
energy). With increasing LE, the track weld width and depth are
growing, but the height is decreasing (Fig. 10b-high linear energy). The
comparison of the track welds' width evaluated from the cross-sections
and the digital-light microscope shows the same trend with deviation

X9

2

a1

i

d=0.6 d

(a)
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caused by different evaluation approaches. In the cross-section case, the
value of the width was measured accurately but only in one section of
the track weld. It could cause small deviations compared to the average
values measured by a digital-light microscope which are more repre-
sentative for the whole track. Based on that, the microscope measure-
ment's average values were further used. According to the study [21],
the depth to width ratio was used to analyse the suitability of process
parameters. This parameter was lower than 0.5 (—) for all tested process
parameters, particularly in the range of 0.26-0.49. It means that those
process parameters are suitable to produce components from AlSi10Mg
material by SLM [16]. The obtained values will be used for comparison
with modified experiments focused on lattice structure production.

3.2. Influence of samples geometry on track width

This experiment aimed to compare a walls thickness measured on the
specific geometry of thin-wall and hollow strut with the single-track
weld's width. The vertical walls' results were in the range of 209-303pm
and showed a significant dependence on input linear energy (LE) as was
the same in the case of single-track welds. The obtained values of the
thickness were in average about 28% larger than TW values in the whole
range of tested process parameters (Fig. 11a). In the case of inclined
walls, the deviation was in average even 34% higher. The main reason is
the lower heat transfer which decreases with the wall's inclination. Due
to the low thermal conductivity of the surrounding powder bed, the
energy is accumulated in the material and causes an increase in the wall
thickness.

The results of the vertical hollow strut thickness (HT, diameter of 2
mm) had a similar trend as thin walls; however, the thickness was
increasing at higher linear energies in comparison to thin walls. The
cross-section images of inclined hollow struts showed the different
thickness in the up-skin and down-skin areas (Fig. 12b). This deviation
was probably caused by the thermal energy accumulation described
above and in studies [12,16]. As is shown in Fig. 11c,d, the various
nominal diameters of the hollow struts were produced using five levels
of input linear energy (LE) in the range of 0.25-0.38 J/mm. The results
showed that the HT parameter measured on a small diameter is larger
compared to the HT parameter measured on a larger diameter, even if
the same process parameters were used. The biggest differences were
shown in the highest LE of 0.38 J/mm, where the HT parameter
measured on the nominal diameter of 0.8 mm was 391pm and for the
diameter of 3.0 mm was 292pm i.e., it is difference of 34%. In the case of

500 pm
p—t

Build
direction

skin

(b)

Fig. 12. (a) The digital-light microscope images of the vertical hollow strut cross-sections, (b) different up-skin and down-skin thickness measured on the metal-

lographic cross-section of inclined hollow struts.
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Fig. 14. Hollow strut's thickness vs. linear energy and strut diameter from
Response surface analysis for vertical struts.

the diameters of 0.3-0.6 mm, both sides of the hollow strut were even
connected, and a fully volumetric strut was created. These results are in
line with the results presented by Dong et al. [11] where internal
porosity and mechanical properties depend on the sample's diameter (up
to 4 mm). The actual results clearly show that the deviation in the
hollow strut's thickness and single tracks welds is significant. Therefore,
it is necessary to implement HT parameter into the SLM laser strategy for
lattice structure production to avoid internal defects.

3.3. Single-track weld overlap parameter

As it was mentioned above, the overlap (OL) parameter is expressed
as percentage value of the hollow strut thickness (HT) and mainly affects
the porosity in connection of two neighbouring tracks. Due to the small
dimensions of lattice structures, the internal porosity influences their
mechanical properties more than in case of bulk material; and therefore,
the overlap is more important. The OL's correct setting is based on the
HT parameter, which depends on dimensions of the lattice structure and
the liner input energy (LE) of the SLM process.

The porosity values were measured in the transverse cross-section of
hollow struts composed of two laser tracks. In Fig. 13a, the first loop of
the experiment results is present. As it is shown, the porosity decreased

with increasing OL parameter, and the minimum value was reached in
the range of 20-50% for all tested dimensions. The second loop was
focused on the perspective range of 20-50%, and only limit values of
previously tested parameters were used, i.e., diameters of 0.8, 2 mm
(thin and large diameter representant) and LE of 0.25, 0.38 J/mm (low
and high energy representant). The results showed that OL parameter is
not dependent on the lattice structure's dimension but on LE (Fig. 13b).
Therefore, the optimal OL values are in the range of 30-40% for all
tested parameters (thin, large diameter; low, high energy).

3.4. Strut thickness prediction based on response surface analysis

As it is clear from previous results, the definition of the SLM process
parameters for lattice structure manufacturing is complex task affected
by input linear energy, size, and orientation of the lattice structure. To
include the effects to the contour strategy parameters, the response
surface analysis (RSA; part of the Design of Experiments) of the hollow
strut thickness (HT) parameter was prepared. The RSA allowed deter-
mining the exact value of HT for specific input linear energy (LE) and the
strut's nominal diameter (SD). The HT values were interpolated by the
quadratic surface described by Eq. (3) with the reliability of R2 = 78%
for vertical struts (Fig. 14) and by Eq. (4) with the reliability of R2 =
86% for inclined struts. Thus, it is possible to predict the values also for
the parameters that were not tested exclusively.

The comparison of the RSA prediction and the measured data for the
specific parameters are shown in Table 3 (vertical hollow struts, linear
energy of 0.34 J/mm). The average deviation was 2.18%, and the largest
deviation was 6.72% in the case of 0.9 mm strut diameter.

THyer = — 134 +2736+LE — 94.3.SD — 3177-LE” +21.25.SD?
— 54+LE«SD (um) 3

TH;,e = — 31 +2450+LE — 101+SD — 2025+LE? + 35.8+SD?
—301sLE«SD (um) 4

3.5. Full strut verification

In the following chapter, the previous results were used for the
definition of the SLM contour strategy for lattice structure
manufacturing and their influence was observed on the material
porosity, surface roughness and the dimensional accuracy.

Table 3

The comparison of the response surface analysis data and measured values.
Strut @ (mm) 0.7 0.8 0.9 1.2 1.6 2 2.5 3
Predicted HT (pm) 362.5 354.4 346.8 326.3 304.9 290.4 281.8 283.8
Measured HT (pm) 364 340 323.5 320.5 287 288 286 283.5
Deviation (%) —0.4% 4.1% 6.7% 1.8% 5.9% 0.8% -1.5% 0.1%
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Table 4

Journal of Manufacturing Processes 74 (2022) 640-657

The comparison of the vertical struts produced by the default SLM process parameters and the contour strategy (LP = 200 W, LS

= 700 mm/s, LE = 0.29 J/mm).

Drnom (mm) 0.6 0.7 0.8 0.9 1.0 1.25 1.5 2.0 3.0
Por. (%) 1.74 1.79 1.97 1.92 1.9 0.97 0.78 0.24 0.06
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Table 5

The comparison of the inclined struts produced by the default SLM process parameters and the contour strategy (LP = 200 W,
LS = 700 mm/s, LE = 0.29 J/mm).
Drom (mm) 0.6 0.7 0.8 0.9 1.0 1.25 1.5 2.0 3.0

Por. (%) 0.11 0.13 1.11 1.44 1.16 0.25
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Large sharp pores

Down-skin area

(a)

3.5.1. Material porosity

The material porosity experiment was divided into two steps. In the
first testing loop, the same parameters were used as in case of hollow
struts experiment, i.e., the strut diameters and specific hollow strut
thickness (HT) values (Fig. 11c). The reason was to minimise unexpected
circumstances which could influence the results. The other contour
strategy parameters were derived from the HT parameter, i.e., the dis-
tance of the contour trajectories CD = HT - OL, the contour overlap
between the neighbouring track of 30% (OL = 0.3 x HT), and the beam
compensation BC = 0.5 x HT. The material porosity measured by pCT
was chosen as the main response parameter.
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Fig. 15. (a) The top view of the inclined strut (d = 2 mm, LP = 300 W, LS = 800 mm/s, LE = 0.38 J/mm) (a) the first testing loop (b) the second testing loop.

The results of the first testing loop showed a relatively high level of
porosity in thin vertical struts for all tested input linear energies (LE)
(Fig. 16a,b). The default SLM process parameters with meander hatch
strategy reached the porosity level of 2%; the contour strategy (CS)
approach reached an interval between 0.16% and 1.35% based on the
used LE. The porosity decreases according to LE and the strut nominal
diameter. Tables 4 and 5 show the graphical comparison of the level and
distribution of porosity obtained using meander hatch and the CS
strategy. The meander hatch strategy led to a high porosity level with
spherical and equally distributed pores in the whole volume. An
exception was the large vertical struts (d = 2 and 3 mm), where the

25

<20 | x

Z10 ~ 7T~

810 B — = =

Eos |, “':-,‘—-_/‘_",",'.'.':’.?r:ﬁﬁ—-.,:_s:..\_
00 HEE e N

Nominal diameter (mm)

= Elin=0.25 J/mm = - Elin=0.29 J/mm === Elin=0.32 J/mm

Elin=0.34 J/mm ===== Elin=0.38 J/mm === Default
(b)

25 ¢

—~20 X

x

= e —

,*? 1.5 X S~

810} * .

5 .

o5 |/ N,

@ 0.5 1 1.5 2 2.5 3

Nominal diameter (mm)

=== Elin=0.25 J/mm = = Elin=0.29 J/mm ===Elin=0.32 J/mm

Elin=0.34 J/mm ===== Elin=0.38 J/mm === Default

(d

Fig. 16. Comparison of the meander and contour strategy (a) the level of porosity for the vertical struts (b) the level of porosity for the inclined struts in the first loop;

(c), (d) second loop.
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Fig. 17. The struts with non-melted pores in the middle axis area (a) LP = 225
W, LS = 900 mm/s, LE = 0.25 J/mm, OL of —10.65%; (b) LP = 300 W, LS =
800 mm/s, LE = 0.38 J/mm, OL of —11.28% (un-melted area in the strut axis).

porosity was low. It was caused by high thermal conductivity in larger
struts that could be considered as bulk material for which the default
process parameters are mostly optimised. A similar conclusion was
reached by Dong et al. [11] for dimensions over 4 mm.

The CS porosity results were presented by the uCT images of the
struts produced with input linear energy LE = 0.29 J/mm (middle value
from tested range). The CS approach showed a lower porosity level for
both vertical and inclined thin struts (up to 1 mm). The porosity was
equally distributed; however, its level grew with the increasing diameter
of the strut, and large sharp pores occurred over the diameter of 1 mm. It
relates to the direction of the contour track production and the number
of tracks. The large struts (the diameter over 1 mm) consisted of 3 and
more laser tracks (depends on used LE). It led to the lack of powder
inside the strut if outside-in direction of the contour strategy was used.
This was caused by drag of the surrounding powder into the melt pool
during powder melting [35]. This effect relates to the change of the
material state because the density of powder is much lower than melted
material and therefore, larger volume of the powder is consumed for the
melt pool. To minimise the effect, the inside-out direction will be used
for the next test loops. Moreover, the sharp overlap porosity was found
in the top view images (Fig. 15a). It could be created due to insufficient
overlapping of neighbouring contour tracks in the up-skin area where
the thickness of the track is thinner than in the down-skin area above the

Journal of Manufacturing Processes 74 (2022) 640-657

powder bed. Based on that, the OL parameter was increased about 5% to
35% which stabilise the situation in up-skin area. But on the other hand,
it can increase a porosity in the down-skin area.

The second testing loop showed significant improvement in all
observed parameters. A change of laser scanning direction eliminated
the sharp pores. The porosity level was significantly decreased using the
hollow strut thickness (HT) obtained from Response Surface Analysis
(RSA) and changing the OL to 35%. The results are shown in Figs. 16c,
d and 15b. where the porosity level reached values in the interval of
0.01% (LE = 0.29 J/mm) to 0.6% (LE = 0.32 J/mm) for vertical struts
and even in the interval of 0.07% (LE = 0.25 J/mm) to 0.4% (LE = 0.32
J/mm) for inclined struts. Tables 4 and 5 show the gradual evolution of
the results and the clear positive effect of the CS strategy on all observed
struts' parameters. The results also showed the issue with unmeted
centre areas of some struts. If the non-compatible combination of the HT
and strut diameter is used, the gap could occur in the strut centre
(Table 5 - 1st loop d = 1.5 mm; 2nd loop d = 0.7 and 1.0 mm).

The last testing loop mainly aimed to reduce the unmelted area in the
struts' centre (Fig. 17). Using RSA prediction, the optimal combination
of the process parameter was found for each strut diameter. Thereby, the
constant OL parameter was reached in the whole cross-section of the
vertical and inclined struts (Table 6). The porosity results generally
showed very low level of spherical porosity without unmelted areas, i.e.,
in case of inclined struts max. 0.16%; in case of vertical struts max.
0.19%. It confirms that the results of RSA analysis and OL parameter of
35% allow achieving very low values of porosity level for various di-
ameters of the struts using different SLM parameters within the defined
perspective process window.

Based on the results, the contour strategy and customisation of the
process parameters for various dimensions of the lattice structure seem
to be an effective approach to eliminate the material imperfections.

3.5.2. Dimensional accuracy

The results of the first testing loop are shown in Fig. 18a,b, where the
dimensions of the struts are generally smaller than the nominal di-
ameters. This issue could relate to the circular trajectory of the laser
which means the higher laser speeds along the outer part of the trajec-
tory due to its curvature (Fig. 20) and therefore HT parameter is thinner.
It affects beam compensation parameter (BC; Fig. 1) which was too high
and caused the dimensional deviations. Eq. (5) was created to reach the
optimal dimensional accuracy based on the evaluation. Then, the BC
parameter was changed to BC = BCcoef x TH. The resulting BCcoef =
0.34 was further used in the next testing loops, which expressed the
average value used for all strut diameters. BCcoef was evaluated based
on the nominal strut diameter (SD) and diameter of the first peripheral

Table 6
The chosen results from the third validation testing loop.
Vertical Inclined
Drnom (mm) | 0.6 | 0.8 1.25 2.0 3.0 0.6 | 0.8 1.25 2.0 3.0
LP (W) |214| 325 243 263 263 171 | 251 263 263 263
LS (mm/s) | 950 | 950 950 864 861 950 | 950 833 665 928
LE (J/mm) [0.23| 0.34 | 0.26 0.30 0.31 0.180.26 | 0.32 0.40 0.28
Por. (%) |0.02| 0.19 | 0.09 0.04 0.02 0.020.07 | 0.12 0.07 0.01
3 : :
g =
) -, :
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Fig. 18. The charts of the dimensional deviations from the nominal diameter of the first loop (a) vertical strut, (b) inclined strut; comparison between the first and

second loop with marked median values for (c) vertical strut, (d) inclined strut.
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contour track (PCD).

SD — PCD

7 )

BCcoef = ( )/HT (_)

The modified BC parameter's influence is presented in Fig. 18c,d. As
the comparative parameter between the first and second testing loop,
the median value of the dimensional deviation was used. In the case of
the vertical struts, the median value was changed from —0.11 mm to
—0.03 mm. In the case of inclined struts, the median value changed from
—0.10 mm to 0.04 mm. In both charts, two areas of results could be
found. The dimensional deviations of the larger vertical struts are low.
However, in the case of thin struts, the deviations are higher, and the
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values are unstable. The inclination of the struts' leads to better accuracy
in the case of thin struts, but on the other hand, the deviation of the
larger struts is higher than in the first testing loop. In general, the change
of the BCoef parameter from 0.5 to 0.34 helped significantly reduce the
dimensional deviations; however, to reach even better accuracy, the BC
parameter must be evaluated individually according to the struts' size,
the orientation of the struts and used LE.

3.5.3. Surface roughness

Surface roughness (Ra) was measured on the inclined struts' down
skin surface where the Ra values are the highest [14]. The contour
strategy approach shows the same trend for all levels of the tested LE, i.
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Fig. 20. (a) Schema of the circular trajectory influence on the change of the actual velocity of the melt pool, (b) Schema of the possible remelting in the thin

struts [36].

e., the small diameters have relatively high Ra values, which decrease
with the increasing size of the strut (Fig. 19). In higher linear energies,
the differences between the small and large struts are more significant.
This effect is related to the dissipation of thermal energy from the melt
pool area and the size of the struts. With increasing LE, the surface
roughness Ra increases linearly across all tested diameters (Fig. 19b).
This conclusion matches with the study [16] where they focused on a
wide range of LE and the strut diameter of 2 mm.

Surface roughness partially affects also dimensional deviations
which can be seen by comparing the charts of Figs. 18 and 19a. The
charts show that the struts with a small diameter have a larger deviation
of the dimensions and higher surface roughness than larger struts.

4. Discussion

The presented results aimed to describe the SLM process's specific
behaviour during the manufacturing of thin-strut lattice structure. Due
to low volume of material, the lattice structures are highly affected by
thermal behaviour of SLM melting process; therefore, the geometry and
size of produced lattice structures must be considered. For this purpose,
the Contour Strategy (CS) parameters was developed which led to
elimination of typical imperfections of lattice structure, such as
dimensional inaccuracy, high surface roughness and porosity.

4.1. The process of the contour strategy optimisation

4.1.1. Comparison of the single tracks, thin wall, and hollow struts results
The first differences have already appeared in the basic SLM

(a)

experiment, respectively, in comparison of the single-track welds and
thin-walls, and hollow struts thickness results. The thin perpendicular
walls' thickness was about 28% wider than the single-track welds' width,
and the inclined walls was even 34% (Fig. 11a). The hollow strut's
thickness showed a similar deviation as the inclined walls (Fig. 11b);
however, more significant dependence on the input energy (LE) was
observed. In previous studies [11,17], the need for similarity of the
samples shape and final components was mentioned. Therefore, the
hollow strut's geometry was finally used to design the CS parameters.

Based on the wider thickness of hollow strut samples, the hypothesis
was created that the circular shape of the laser CS trajectory and their
small diameter causes the changes in the melt pool's thermal behaviour.
Due to a circular shape of laser trajectory with a very small diameter, the
inner part of the melt pool moves slower than the outer part (Fig. 20).
This locally increases the input energy Egs. (8), (9) because the laser
exposes the inner part of the strut longer and the melt pool expands.
Then, the hollow strut's thickness increases faster than the walls with
increasing input linear energy (LE; Fig. 11b). The example could be the
set of the process parameters LP = 325 W, LS = 1100 mm/s Ein = 0.295
J/mm and the strut diameter d = 0.8 mm; due to the speed distortion on
circular trajectory, the LE is distributed from Ej, ; = 0.535 J/mm to Ej; 2
= 0.204 J/mm depend on the position.

_ voe(dy — TH) d
v = a4 =V d (6)
voe(d +TH d
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Fig. 21. (a) Laser heat affection of vertical strut geometry in four points of laser trajectory; (b) heat affection of whole strut.
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Fig. 22. (a) Strut thickness of the vertical struts with different strut diameter in three points of trajectory based on simulation; (b) spiral groove on surface of

vertical struts.
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The hypothesis was verified using the vertical struts' transient thermal
simulation (d = 0.8 mm) in Ansys Workbench software. The described
phenomenon is associated with the strut diameter (Fig. 22a), input
linear energy (Fig. 11c,d) and also the position on the laser trajectory
(Fig. 21a,b). Close to the starting point (S), the laser started exposition
and the melt pool is the narrowest. In the middle of the trajectory (point
P2, P3), the track thickness (HT) is growing as the melt pool is larger and
longer. In the last part of the trajectory, the melt pool meets the pre-
heated area of the powder (around 300 °C) and includes the biggest
amount of melted material; the HT is the largest.

The magnifying of the melt pool is also visible on the strut surface
where the spiral groove was formed (Fig. 22b). The groove is caused by
the deviation of the HT parameter in the start/end point and the spiral
shape was created due to moving of this point in each layer by 67°
(default setup in post-processing software). Also, the asymmetricity of
the HT was observed especially in the centre of strut as was described
above (Fig. 20).

Obtained results supported the hypothesis because the values of the
LE and d dependence have the same trend as the numerical results. This
phenomenon also affected the possibility of the small strut production
The smallest struts to produce are those with the diameter d = 0.6 mm.

4.1.2. Overlap parameter and inter-weld porosity

The overlap (OL) is one of the key parameters that contribute for SLM
manufacturing process stabilisation. The OL parameter defines the
overlapping and connection of the neighbouring track welds. If the OL
parameter is too high, the gas porosity occurs by vaporising the
AlSi10Mg chemical components. Otherwise, if the OL parameter is too
low, the lack of fusion porosity occurs because the gap between neigh-
bouring track is filled by unmelted powder. Therefore, the inter-weld
porosity was chosen as the main response parameter during OL opti-
misation and the aim was to minimise it.

The results showed that the minimum porosity value was achieved in
the OL range of 30-40% of the hollow strut thickness (HT; Fig. 13b).
According to the further results of the volumetric porosity, the optimal
OL value of 35% was finally found. The reason was the lack of fusion
porosity which was observed in the inclined strut. After modifying the
OL parameter, this issue disappeared (Fig. 15a).

4.1.3. Design of the contour strategy parameters

The main design parameter for minimising the lattice structure im-
perfections is the hollow strut thickness (HT) that depending on the
required strut's diameter, structure topology and the input linear energy
(LE). The necessary condition is the constant overlap of 35% (OL) in the
whole strut cross-section; therefore, the combination of the strut diam-
eter and compatible HT parameter must be chosen to achieve the integer
number of the laser contour even in the strut's centre. Otherwise, two
typical issues appear. If the OL parameter is higher than 35%, the
remelting of the material and gas porosity occurs in the strut centre. If
the strut is unmelted in the centre (negative value of OL), the lack of
fusion porosity occurs (Fig. 17b,c). Both issues significantly decrease the

Table 7
Different setup of contour strategy for inclined strut with a diameter of 1.25 mm; three sets of process parameters.
State Optimal Remelted Unmelted
Dhom (mm) 1.25 1.25 1.25
LP (W) 350 275 300
LS (mm/s) 1100 800 800
LE (J/mm)
TH (um)
OL in centre (O/o)
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Fig. 23. The numerical simulation of the thermal distribution during powder melting (a) vertical strut; (b) inclined strut; (c) The chart of the temperature T in the
distance a below laser exposing point in vertical and inclined strut (d = 0.4 mm).

mechanical properties of the lattice structures.

The results of the HT parameters were analysed using Response
Surface Analysis (RSA). It allows finding a smooth approximation of the
HT results in the whole perspective SLM process window, definition of
their equations (Egs. (3), (4)), and finally describe the dependence of LE-
d-TH parameters for both perpendicular and inclined struts. These
predictions make it possible to effectively find the optimal parameters
depending on the produced strut diameter (0.6 - 3 mm), input energy
(LE 0.25-0.38 J/mm) and orientation. Using the specific values of the
HT parameter for each combination of the SLM process parameters and
strut diameter enables to obtain the best possible quality of produced
lattice structures and implement all previous results into the CS
(Table 7).

4.2. The higher level of porosity and surface roughness in inclined struts

The SLM process is based on the selective melting of the metal
powder by a high-power laser. The layer-by-layer production causes a
cyclic thermal loading of the manufactured part that must be dissipated
from the melting point through the component. The crucial moment of

Down-skin

the SLM process is the melting of the powder. During the solidification of
a liquid phase, the material microstructure is created. If the temperature
is too high or low in the met pool, the internal porosity is formed.
However, the situation is different in the inclined and vertical struts due
to their orientation.

During the vertical struts production, the laser points in the direction
of the strut's axis, and there is the volumetric material below the melt
pool. Surrounding powder material is not significantly influenced by
thermal energy (Fig. 23a). Another situation is in the case of the inclined
strut. The laser does not point in the direction of the axis but in the Z-
direction. This causes the root of the melt pool also points in the Z- di-
rection and thermally influence the down-skin area of the strut where
high surface roughness is formed (Fig. 23b). The surrounding powder
has low thermal conductivity therefore, it prevents heat dissipation to
the surroundings. Thermal energy is longer trapped in the melt pool and
then dissipated to the volumetric material with higher thermal con-
ductivity. It follows that the down-skin area of the strut is more ther-
mally influenced than the up-skin area of the strut. Moreover, due to
layer-by-layer production, this situation is repeated many times and
the changes of microstructures, and material porosity occur [12].

Fig. 24. Microstructure of the struts [16] (a) LP 250 W, LS 1400 mm/s, Ein 0.18 J/mm; (b) LP 300 W, LS 500 mm/s, Ein 0.6 J/mm.
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The porosity results in Fig. 15 confirmed this hypothesis. In Fig. 15a,
there are many small gas pores placed in the down-skin area even the
lack of fusion porosity has appeared in the up-skin area. As was
explained above, the down-skin area is repeatedly remelted; therefore,
the negative effect of low input energy disappeared and is observable
only in the up-skin area. A similar situation is presented in metallo-
graphic cross-sections of the previous study [16]. Even the strut was
produced by the process parameter out of the recommended process
window, the metallographic pores are placed in the down-skin area
especially when the high input energy is used (Fig. 24b). In the up-skin
area, the lack of fusion porosity appears as was expected (Fig. 24a).

4.3. Influence of contour strategy on mechanical properties

As described above, the contour laser strategy has a positive effect on
reducing porosity, surface roughness, and dimensional accuracy. These
imperfections mainly cause the initialization of cracks during the me-
chanical loading of produced parts. Especially, porosity situated near the
surface is very susceptible to the initialization of crack. In the case of
lattice structure with struts diameter of 0.5-3 mm, the porosity highly
affects the strut's cross-section and has a high impact on mechanical
properties [9,12,27]. Surface roughness has a similar effect as subsur-
face porosity. A highly rough surface can cause crack initiation, espe-
cially in the bottom area of the inclined strut [14,15]. Dimensional
accuracy can affect the mechanical properties of lattice structures
because produced struts do not reach the designed dimension (Fig. 18).
The designed part could have a different mechanical property than were
expected.

However, the microstructure can also be affected by scanning strat-
egy and process parameters [37,38]. The scanning strategy can affect
the mechanical properties of produced parts due to grain structure and
orientation. Simultaneously, the energy of input parameters has an
impact on microstructure. The contour strategy allows the setup of
process parameters with different input energy. The contour strategy
effect on lattice structures material microstructure and mechanical
properties should be further explored.

5. Conclusions

The complex study about manufacturing of the SLM lattice structures
was conducted to investigate the influence of the contour laser strategy
(CS) on the material porosity, surface roughness, and dimensional ac-
curacy of the lattice structures. Based on the investigation, the following
conclusions can be listed below:

The strong dependence of single-track welds parameters was
observed on the specific geometry of the samples; therefore, it is
necessary to use the results of the hollow struts thickness (HT) to
design the CS parameters.

e The hollow struts thickness (HT) is a variable parameter that de-
pends on the lattice structure's geometry, i.e., orientation and
diameter of the struts, and the input linear energy (LE). The equa-
tions (Egs. (3), (4)) were found that consider the relationship be-
tween the parameters.

The overlap parameter of OL = 35% was evaluated for AlSi10Mg
material as optimal to achieve the material porosity's best results for
two struts orientations (vertical; inclined 35.26°). The constant OL
must be reached in the whole volume of the struts, especially in the
centre of the struts.

The inside-out contour strategy significantly reduced the sharp pores
caused by the lack of powder effect in the struts' centre.

Using the found equations (Egs. (3), (4)) of the hollow struts thick-
ness dependence allows to find the optimal SLM process parameters
for the required strut diameter and to minimises the material
porosity under the level of 0.2% in the range of d = 0.6-3.0 mm.
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e The inclined struts' surface roughness has a linear dependence on the
input linear energy, and the values increased with higher energy. The
contour strategy approach allows decreasing the surface roughness
compared to default parameters. The maximum obtained values
were Ra up to 16 pm for vertical struts and up to 80 pm for inclined
struts.

The contour strategy improves the diameter accuracy and the me-
dian value of dimensional deviations of 0.03 mm was reached for
inclined struts and 0.04 mm for vertical struts.
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Abstract: The low specific density and good strength-to-weight ratio make magnesium alloys a
promising material for lightweight applications. The combination of the properties of magnesium
alloys and Additive Manufacturing by the Laser Powder Bed Fusion (LPBF) process enables the
production of complex geometries such as lattice or bionic structures. Magnesium structures are
intended to drastically reduce the weight of components and enable a reduction in fuel consumption,
particularly in the aerospace and automotive industries. However, the LPBF processing of magnesium
structures is a challenge. In order to produce high-quality structures, the process parameters must be
developed in such a way that imperfections such as porosity, high surface roughness and dimensional
inaccuracy are suppressed. In this study, the contour scanning strategy is used to produce vertical
and inclined struts with diameters ranging from 0.5 to 3 mm. The combination of process parameters
such as laser power, laser speed and overlap depend on the inclination and diameter of the strut. The
process parameters with an area energy of 1.15-1.46 J/mm? for struts with a diameter of 0.5 mm and
an area energy of 1.62-3.69 J/mm? for diameters of 1, 2 and 3 mm achieve a relative material density
of 99.2 to 99.6%, measured on the metallographic sections. The results are verified by CT analyses
of BCCZ cells, which achieve a relative material density of over 99.3%. The influence of the process
parameters on the quality of struts is described and discussed.

Keywords: laser powder bed fusion; magnesium alloy WE43; scanning strategy; lattice structure;
relative density

1. Introduction

Laser powder bed fusion (LPBF) [1] is a method of additive processing of metal alloys,
which is based on the principle of melting the powder particles layer by layer with a high-
power laser. This enables the production of components with complex geometries from a
variety of materials such as aluminum and titanium [2]. The development of materials for
specific applications also takes place at LPBF, particularly in the field of alloys, which offer
new possibilities [3,4].

One of these alloys is magnesium alloys, which have a low specific density and a
good strength-to-weight ratio [5]. These properties are crucial for the use of magnesium
alloys in the aerospace and automotive industries to reduce weight and improve fuel
efficiency [6,7]. In addition, complex geometries such as lattice and bionic structures
produced from magnesium alloys can enhance weight reduction [8,9]. Magnesium alloys
such as WE43 are also biocompatible and biodegradable [10,11], making them suitable for
biomedical applications such as implants due to their mechanical properties that are close
to those of human bone [3,5,12].
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In order to use magnesium alloy structures in industrial or medical applications,
the imperfections associated with their manufacture must be minimized [13,14]. When
manufacturing parts by LPBF, the thermal energy generated by the melting of the powder
particles must be dissipated through the solid material in the preceding layers, as the
surrounding powder has a lower thermal conductivity. Small volumes of material as
lattice structures cannot dissipate the thermal energy quickly enough [15]. Therefore, the
thermal energy is accumulated in the material [16] and causes the material to overheat,
leading to the occurrence of imperfections such as porosity, high surface roughness and
dimensional inaccuracy [17,18]. In order to minimize the occurrence of imperfections,
process parameters must be used that lead to sufficient melting of the material and, at the
same time, to sufficient dissipation of thermal energy [19,20].

The production of magnesium alloy lattice structures using LPBF technology is a
particular challenge due to the narrow range of melting (650 °C) and boiling temperatures
(1107 °C) [21]. The volume energy of process parameters of more than 214 J/mm? (area
energy of 8.56 J/ mm?) leads to the vaporization of Mg in the magnesium alloy AZ61D [22].
The vaporization of alloying elements should also lead to a reduction in their mass ratio in
alloys [23]. High energy input leads to an expansion of meltpool, which blasts away the
surrounding powder. In contrast, cooling of the material reduces the volume and leads to
the formation of pores due to the absence of powder particles [21]. Vapors also defocus the
laser beam, which affects the quality of the manufactured parts [24]. Vaporization of the
material can be prevented by using process parameters with lower thermal impact on the
meltpool, which reduces the formation of vapors [22].

The processing of magnesium alloys should be divided into three stages depending
on the energy of the process parameters [22,25]. As already mentioned, high-input energy
leads to vaporization of the alloying elements. Low input energy may not always guarantee
a sufficient temperature for melting the powder. Therefore, there is insufficient bonding
between the molten material, resulting in low relative material density and poor mechanical
properties [25]. Sufficient energy input leads to a reduction in the viscosity of the meltpool,
which improves the effectiveness of the process [26,27]. The meltpool is stable, resulting
in sufficient bonding between neighboring welds, which is necessary for the production
of components with high relative material density and good mechanical properties. Hyer
et al. [28] developed the process parameters for bulk samples of magnesium alloy WE43,
leading to a high relative material density of 99.7%, i.e., laser power 200 W, scanning speed
1100 mm/s, hatch distance 0.13 mm, and layer thickness 0.04 mm.

For the production of small series components in the form of lattice structures, not
only must process parameters be developed, but a specific scanning strategy should also
be used [29]. The meander scanning strategy, which is mainly used for bulk samples, leads
to the formation of porosity in the subsurface area due to the deceleration of the laser
at the end of the trajectories [30]. The meander strategy also leads to high porosity in
small-volume samples, as the trajectories of the laser cause the meltpool to overheat [20].
The contour scanning strategy is more efficient for lattice structures. Concentric welding
trajectories allow for an effective energy distribution over the entire diameter of the strut.
In addition, the contour scanning strategy has been successfully used to produce high-
relative-material-density lattice structures [20].

Thus, the effective production of magnesium alloy lattice structures with minimal
defects depends on the process parameters, scanning strategy, strut diameter and inclina-
tion. In this study, the production of vertical struts and inclined struts with an inclination
of 35.26°, corresponding to Body-Centered Cubic (BCC) cells, is investigated. The most
promising process parameters are evaluated on Body-Centered Cubic cells with struts in
the vertical orientation (BCCZ), which are a combination of vertical and inclined struts.
The magnesium alloy WE43 is used.
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2. Materials and Methods
2.1. Laser Powder Bed Fusion

The samples are produced using the LPBF with the SLM 280HL machine (SLM So-
lutions Group AG, Liibeck, Germany). The machine is equipped with an ytterbium laser
with a spot diameter of 82 um and Gaussian distribution. A gas-atomized magnesium
alloy WE43 (Luxfer MEL Technologies, Manchester, UK) with a particle size distribution of
28-60 um with an average size of 39.8 um is used. The chemical composition of the powder
is listed in Table 1. Therefore, inert argon gas is used to prevent oxidation of the magnesium
alloy during processing. The oxygen concentration is kept below a concentration of 0.1%
during production. A laser power of 50250 W and laser speed of 200-1200 mm /s are used
for all experiments. The layer thickness is 50 um and the temperature of the platform is set
to 120 °C.

Table 1. Chemical composition of WE43 powder.

Mg (wt%) Y wt%) Zr(wt%) Ndwt%) Siwt%) Cu(wt%)
WE43 powder Bal. 3.96 0.56 2.30 <0.01 <0.01

2.2. Contour Scanning Strategy

Based on previous research [20], the contour scanning strategy seems to be suitable for
the production of lattice structures. The contour scanning strategy is formed by concentric
welds that allow for better control of the input energy into the process, which is particularly
important for low-volume samples (Figure 1). The most important parameters of the con-
tour scanning strategy are the laser power and laser speed, which result in weld formations
with an exact width. The next important parameter is the overlap of the neighboring welds,
which is represented by the hatch distance. The optimal value of these parameters is the key
to reducing imperfections in the material of lattice structures. Therefore, four experiments
are conducted. The first experiment deals with the influence of the sample geometry and
process parameters on the width of the weld. The second experiment deals with the hatch
distance of hollow strut specimens formed by two welds. The output parameter of the
experiment is the appropriate value of overlap for the production of specimens with high
relative material density. Based on the parameters from the first two experiments, the
contour scanning strategy is used in the third experiment to produce vertical and inclined
struts with an inclination angle of 35.26% corresponding to BCC cell inclination. The
last experiment is used to verify the best results of the third experiment. Therefore, the
BCCZ cells representing both studied strut orientations are produced with different process
parameters for vertical and inclined struts. In addition, three different laser trajectories of
the contour strategy are identified in the BCCZ cells, which can influence the quality of the
produced sample.
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Figure 1. Parameters of contour scanning strategy and three different trajectories in BCCZ cell.
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2.3. Weld Width

The weld width depends on the process parameters, i.e., the laser power (LP) and the
laser speed (LS) or their combination (Equation (1)), which is referred to as linear energy
(LE). The linear energy of the process parameters in these experiments is in the range of
0.05-1.25 J/mm. Basically, the weld width is measured on single-track samples (Figure 2a),
but the geometry of a single-track specimen does not correspond to the struts in the lattice
structure. Therefore, samples with a thin-walled and hollow strut geometry (Figure 2b) are
used to obtain more precise results, which are required for the contour scanning strategy.
The weld width is included in the overlap of the neighboring welds (Equation (2)) as it
changes with the geometry and diameter of the samples [20].

Ly
LS

LE J/mm) 1)

(b) (d)

Figure 2. (a) Single-weld samples produced on the top of 1 mm thick WE43 material; (b) hollow
struts; (¢) inclined struts; (d) BCCZ cell (scale 3 mm).

2.3.1. Single-Weld Samples

The width of the weld depends on the combination of laser power, laser speed and,
in the case of single tracks, specifically on the substrate material. The weld width is also
influenced by preheating the platform. Therefore, the single-track samples are produced
on a 1 mm thick WE43 material (Figure 2a), which ensures adequate heat dissipation. The
1 mm thick material is fabricated with process parameters, i.e., laser power of 250 W, laser
speed of 450 mm/s and hatch distance of 80 um, based on the study [31]. The width of
each weld is measured on the top images taken with an optical microscope (Olympus SZX7,

Olympus, Tokyo, Japan). The width of single welds is the average value calculated from
five measurements (Figure 3a).

)

Figure 3. Measurement of sample width: (a) single weld sample; (b) metallographic section of hollow
strut; (c) measurement of hollow strut width.
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2.3.2. Thin Wall Samples

However, the geometry of the single-weld samples does not match the geometry of
the struts in the lattice structure. Therefore, thin wall specimens are used to investigate the
effects of the superposition of single welds. The upper weld partially melts the previous
weld, increasing the width of the thin wall. The thin wall width is measured on the
metallographic sections in the same way as the hollow strut specimens. The methodology
is described below.

2.3.3. Hollow Strut Samples

To obtain the most accurate weld width, the geometry of vertical hollow struts is used,
created by a single weld with diameters from 0.5 to 3 mm with a step of 0.5 mm (Figure 2b).
The width of hollow struts is influenced by heat dissipation, whereby the heat is mainly
dissipated through the material of the specimen. However, due to the small volume of the
specimen, the material is heated at higher temperatures, causing more powder particles to
melt and increase in volume. Some of the heat is also dissipated through the surrounding
powder particles and affects the surface of the samples, where the powder particles are
partially melted and adhered.

The width of the thin walls and hollow struts is measured using metallographic
sections that have been ground and polished (Figure 3b). The images of the cross-sections
were taken with a digital microscope (Keyence VHX-6000, objective Z250R, zoom 250 %,
Keyence, Mechelen, Belgium). The width is the average value from both sides of the sample
measured in each pixel of the image—approximately 8000 values are obtained (Figure 3c).

2.4. Overlap

The overlap of the neighboring weld together with the process parameters determines
the energy density in the strut. The overlap (OL) depends on the weld width (WW) and
hatch distance (HD) and represents the joint between two welds created by remelting the
material (Equation (2), Figure 4). In the case of this study, the overlap is calculated from the
width of the hollow struts. Therefore, it changes with the strut diameter. Lower overlap
and laser power at a higher laser speed result in lower energy density. Low energy can
result in areas of unmelted material being trapped in sharp-edged pores. High energy leads
to overheated material, which supports the formation of spherical pores [16]. Therefore,
the optimum value of overlap that suppresses pore formation and results in a sufficient
bond between adjacent welds should be determined. For this purpose, the geometry of
vertical hollow struts with two welds is used (Figure 4a). The hollow struts with two welds
(2W) are produced with diameters from 0.5 to 3 mm with a step of 0.5 mm. Three values
for laser power (100, 150 and 200 W) and laser speed (400, 600 and 800 mm/s) are chosen
to cover the range of selected process parameters. The hatch distances are 0.06, 0.1 and 0.14
mm for each combination of laser power and laser speed, corresponding to an overlap of
20 to 80%. A total of 162 samples are produced. The optimum overlap is determined based
on the porosity between two welds in the 2W hollow strut.
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Figure 4. (a) Parameters in 2W hollow strut; visualization of overlap: (b) 10%; (c) 50%; (d) 90%.
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2.5. Vertical and Inclined Struts

The vertical and inclined (35.26°) struts (Figure 2c) are fabricated to determine the
combinations of process parameters, i.e., laser power, laser speed and overlap, that result in
high relative material density. Inclination of 35.26° corresponds to BCC cells, which are the
worst case of inclination in the cubic crystal system and the most challenging to fabricate
using LPBF technology. To categorize the influence of these parameters on the relative
material density, the area energy (AE) is used (Equation (3)), where LP is the laser power,
LS is the laser speed and HD is the hatch distance calculated according to Equation (2).
Surface roughness and diameter deviation are also measured to capture the complex strut
geometry. The experiment is designed by DOE with the following boundary conditions:
laser power of 50-250 W; laser speed of 200-1000 mm /s, corresponding to a linear energy
of 0.08-0.75 J/mm; and strut diameters of 0.5, 1, 2, and 3 mm. The overlap is between
45 and 85%, based on the results of the overlap experiment. These process parameters
correspond to an area energy of 0.96-4.37 J/mm?. The DOE parameters for the vertical
struts are 48 cube points, 12 center points in the cube, 48 axis points, and 12 center points in
the axis. The inclined struts are designed with half of the DOE setup. A total of 120 vertical
and 60 inclined struts are produced.

LP

— 2

2.6. BCCZ Cells

The BCCZ cells (Figure 2d) are produced to evaluate the best results of the vertical
and inclined struts. The BCCZ cell is divided into vertical and inclined struts, which are
produced with different process parameters depending on the result. The BCCZ cells are
produced in 3 samples for each diameter (0.5, 1, 2 and 3 mm). CT analysis is used to
evaluate the relative material density.

2.7. Relative Material Density
2.7.1. Metallographic Sections

Metallographic sections are used for two types of samples, i.e., 2W hollow struts
and struts. The samples are metallographically processed and imaged with a Keyence
digital microscope. The images are converted into binary monochrome images. Porosity
is represented by the percentage of black areas in the sample section. For 2W hollow
struts, the porosity is measured between the two adjacent welds according to the design of
specimens (Figure 5a,b). The porosity of the struts is measured on metallographic sections
(Figure 5c,d). In the contour scanning strategy, the center of the vertical and inclined struts
as well as the lower part of the inclined struts is a critical point for porosity formation, as
previous research has shown [19,20]. Therefore, the struts are polished towards the center
and the relative material density values are used as a relative value for the comparison of
the strut porosity.

2.7.2. CT Analysis

Nanofocus X-ray computed tomography (nanoCT, GE phoenix | x-ray Nanotom 180 NF,
Waygate technologies, Hiirth, Germany) is used to analyze the relative material density in
BCCZ cells. The following scanning parameters are used: an X-ray tube voltage of 130 kV,
current of 80 pm, integration time of 600, average of 5 images, a total of 1500 projections,
and a 0.1 mm copper filter to reduce beam-hardening artefacts. The final isovoxel resolution
is 10 um. Porosity analyses were carried out in VGStudioMax 2023.1 (Volume Graphics),
using an ISO50 threshold and a minimum of eight voxels for a segmented pore, which is a
typical threshold for the segmentation of pores [32].
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Figure 5. Relative material density measurement of: (a) 2W hollow strut; (b) 2W hollow strut
monochrome image; (c) vertical strut with detail of pore; (d) vertical strut monochrome image.

2.8. Surface Roughness

The surface roughness of the struts is mainly influenced by partially melted powder
particles that adhere to the surface of the specimen. In the case of magnesium alloys,
this effect is exacerbated by the low melting temperature. In the case of inclined struts,
two effects occur. The first effect is the staircase effect, which is typical for additive
manufacturing technologies and is mainly observed on the top side of the inclined samples.
The second effect is related to heat dissipation, where heat is mainly transferred through
the material towards the platform. The accumulation of heat causes the powder particles
to melt and stick to the underside of the specimen. Therefore, the surface roughness Ra is
measured on the side of the struts that is not affected by these two effects; moreover, it is
also possible to compare the measured values between vertical and inclined struts, which
are only affected by the process parameters. The surface roughness Ra is measured with a
Keyence digital microscope. The surface of the struts is digitized, and the surface roughness
Ra is measured in five lines parallel to the strut axis (Figure 6a). The final surface roughness
Ra is the average of five measurements. The measured values are used to compare the
influence of the process parameters and the orientation of the struts.

I
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= Real surface
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Figure 6. (a) Example of measurement of the surface roughness Ra on the side of the strut in three
lines; (b) measurement of the dimensional deviation by fitting maximum inscribed and minimum
circumscribed cylinders.

2.9. Diameter Deviation

The combinations of process parameters lead to different weld widths, which affect
the dimensions of the manufactured samples. To evaluate this effect, the center of the
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outer laser track is set exactly to the diameter of the strut. Two parameters are measured,
namely the maximum inscribed diameter and the minimum circumscribed diameter of
the cylinders attached to the digitized struts (Figure 6b). The maximum inscribed cylinder
represents the load-bearing diameter of the strut. The minimum circumscribed cylinder
represents the amount of material melted on the surface of the struts. Figure 6b shows
the differences between vertical and inclined struts, which differ in the lower part of the
inclined struts. The diameters are measured with an optical 3D scanner (Atos Triple Scan
III, GOM GmbH, Braunschweig, Germany). The scanned data are polygonised and the
GOM Inspect software is used to fit the cylinders into the digitized surface of the struts
using the best-fit method.

3. Results and Discussion
3.1. Effect of Specimen Geometry on Weld Width

The width of the welds depends on the sample geometry, the process parameters and
spot diameter size of the laser source. The width of the single welds, thin walls or hollow
struts increases with the linear energy (Figure 7a). At a low linear energy of up to 0.4 J/mm,
the widths show the same trend. At a linear energy of more than 0.4 J/mm, the geometry
of the specimens leads to an increase in width for thin walls and hollow struts. For single
welds, the width remains in a narrow interval between 0.23 and 0.32 mm. The width of
all samples shows a dependence on the laser speed and laser power, which is illustrated
by the results of the hollow struts in Figure 7b. The larger width is measured at a high
laser power and low laser speed, corresponding to the influence of linear energy (Equation
(1)). The width of the hollow strut (Figure 7c) also shows a slight dependence on the strut
diameter, which is represented by the average values of the mean width.
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Figure 7. (a) Dependence of the width of single welds, thin walls, and hollow struts on linear energy;
(b) width of hollow struts with a diameter of 1.5 mm based on the laser power and laser speed;
(c) mean of average width dependent on strut diameter.

In the contour scanning strategy, the weld width is an important parameter that
determines the overlap between two concentric welds [29,33]. In many cases, the hatch
distance is set as a fixed value and the influence of the process parameters is observed [13].
Therefore, the pores between two welds are formed as a function of the width of the weld.
A small weld width leads to insufficient overlap and thus to a lack of fusion pores. A large
weld width leads to a large overlap, which is typical for keyhole pores [34,35]. To reduce
the formation of pores between two welds, the hatch distance must be different for different
linear energies to ensure a constant overlap.

3.2. Overlap

For the 2W hollow struts, the hatch distance, which determines the overlap of welds
(Equation (2)), shows a strong dependence on the strut diameter (Figure 8a) and linear
energy (Figure 8b). The hatch distance in three batches for a linear energy of 0.25 ] /mm
shows a similar trend of relative material density in the range of 0.5-3 mm (Figure 8a).
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The maximum relative material density is measured at a hatch distance of 0.1 mm, which
corresponds to an overlap of 60-68% according to the weld width and Equation (2). The
overlap as a function of linear energy for the maximum relative material density for all
combinations of process parameters and a diameter of 1 mm is shown in Figure 8b. The
plotted values show that a high linear energy requires higher overlap values to achieve a
high relative material density between two welds of 2W hollow struts. The overlap values
are between 45 and 85% for all diameters; therefore, this range is used for the design of the
strut experiment.
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Figure 8. Dependence of (a) relative material density of 2W hollow strut on strut diameter for three
batches of hatch distance produced with a laser power of 200W and laser speed of 800 mm/s; overlap
on linear energy for the maximum measured relative material density of samples with diameter of
1 mm for (b) 2W hollow struts, (¢) vertical struts, and (d) inclined struts.

For the vertical and inclined struts with a diameter of 1 mm (Figure 8c,d), the depen-
dence of the overlap for the maximum relative material density on the linear energy shows
an increasing trend. An overlap of more than 80% leads to a relative material density of
more than 99.3% for both vertical and inclined struts produced with a linear energy of less
than 0.1 ]/mm. An overlap of less than 60% results in a relative material density of over
98.4% at a linear energy of over 0.6 J/mm.

The overlap is the key parameter for the contour scanning strategy that influences the
formation of pores between the welds [15,22]. The geometry of the samples influences the
overlap required to obtain a high relative material density. The low-volume 2W hollow
struts show an opposite trend than vertical and inclined struts (Figure 8b—d). A low linear
energy of 2W hollow struts leads to a small weld width, which requires a smaller overlap.
High energy leads to the opposite situation. This phenomenon can be related to heat
dissipation when the material volume is able to dissipate a certain amount of heat [15].

In the case of the struts, the low linear energy requires a higher overlap in order to
melt the material completely. For the high linear energy, a lower overlap is required. This
is probably due to heat dissipation through the material of the entire strut [16]. The three
situations occur for struts with a diameter of 2 mm (Table 2) based on the area considering
the overlap (Equation (3)). The insufficient area energy of 1.34 J/mm? for vertical strut (V)
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and 1.57 J/mm? for inclined strut (IN) leads to irregular pores. The circular pores occur in
the struts with an area energy of 3.99 (V) and 2.88 J/ mm? (IN). Area energies of 3.26 (V)
and 2.46 ] /mm? (IN) lead to a high relative material density.

Table 2. Comparison of the area energies of process parameters on vertical and inclined struts with a
diameter of 2 mm.

LP (W) 250
LS (mm/s) 600
AE (J/mm?) 3.99

OL (%) 71

50 150 221 79 79
600 600 883 883 317
1.34 3.26 2.88 1.57 2.46

41 67 76 78 69

Vertical struts

Inclined
struts

— —

RD (%)

86.7 99.2 97.9 95.9 99.2

=
=
(==}

95 A

80

85 .

LP is laser power (W); LS is laser speed (mm/s); AE is area energy (J/ mm?); OL is overlap (%); RD is relative
material density (%); vertical and inclined orientation of struts.

3.3. Relative Material Density

The area energy (Equation (3)) is used to describe the effects of laser power, laser speed
and overlap on the relative material density in the struts (Figure 9). The relative material
density of the vertical struts (Figure 9a) increases with the area energy. An area energy of
upto2.6]/ mm? leads to a relative material density of less than 95% for some of the vertical
struts with a diameter of 1, 2 and 3 mm. In contrast, struts with a diameter of 0.5 mm are
produced with a relative material density of over 97.6%. The area energy of over 2.6 ] /mm?
leads to a relative material density of over 96.4% for diameters of 1, 2 and 3 mm. In the case
of diameters of 0.5 mm, the relative material density is less than 95%. The relative material
density of the inclined struts (Figure 9b) shows no clear dependency. The area energy of up
to 2 J/mm? appears to be promising for struts with a diameter of 0.5 mm. An area energy
of more than 2 J/mm? is more suitable for struts with a diameter of 2 mm.
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Figure 9. Relative material density depending on area energy for (a) vertical and (b) inclined struts
with diameters of 0.5, 1, 2, and 3 mm.

The best results are shown in Table 3. The vertical and inclined struts achieved a
relative material density of 99.2-99.6%. The optimal process parameters depend on the
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strut diameter. The inclination of the strut only affects the overlap. The vertical struts
achieved a high relative material density with a higher area energy than the inclined struts
(21-36% higher area energy). For the struts with a diameter of 0.5 mm, the area energy
of 1.15-1.46 J/mm? leads to a relative material density of over 99.3%. The struts with
diameters of 1 mm, 2 mm and 3 mm achieve a relative material density of over 99.2%
at an area energy of 1.62-3.69 ]/mm?. The struts with diameters of 0.5 and 1 mm have
small circular pores. The struts with diameters of 2 and 3 mm contain larger pores with an
irregular shape.

Table 3. The best results obtained from the strut experiment.

LP (W) 79 79 79 150
LS (mm/s) 883 317 317 600
AE (J/mm?) 1.46 115 241 1.62 2.12 1.64 3.69 2.38
D (mm) 05 1 2 3
OL (%) 75 75 64 58 54 69 64
Orient. \% IN \Y IN \% \Y IN
1000 pym
—
RD (%) 99.4 99.3 99.6 99.5 99.4 99.2 99.6 99.3

The amount of area energy required to produce struts with a high relative material
density depends on the diameter of the struts. The diameter of the struts influences the
heat dissipation rate [15,16]. With a diameter of 3 mm, the heat dissipation rate is higher,
which requires a higher area energy. For struts with diameters of 2 and 3 mm, the higher
heat dissipation rate also leads to irregular pores in some parts of the strut. This type of
pore is typical of insufficient energy [36].

For the production of BCCZ cells, the process parameters that lead to the best results
in terms of relative material density are used. The CT scans are shown in Table 4. BCCZ
cells with a diameter of 0.5 contain small spherical pores and an average relative material
density of 99.96%. The BCCZ with a diameter of 1 mm achieves an average relative material
density of 99.83% with a maximum pore volume of 0.011 mm?. BCCZ cells with diameters
of 2 and 3 mm have irregular pores with a volume of more than 0.04 mm?.

In the BCCZ cells with a diameter of 2 mm, irregular pores appear between the welds
(Figure 10a), which are typical for low energy. The low energy of the process parameters
means that only part of the material is melted, leaving unmelted areas between the tracks
in which unmelted particles are trapped [19]. The BCCZ cells (Figure 10b) with a diameter
of 3 mm have irregular pores with a volume of more than 0.05 mm? in the inclined struts,
but the node of the cell is without large pores. This could be due to the laser trajectories,
which are different for the cell node than for the struts (Figure 1). Due to the sharp edges in
the center, the material is heated at a higher temperature, which supports the melting of
the powder particles [35]. Vertical struts of 3 mm BCCZ cells showed deformations (holes)
on the surface that go through the material of the struts and are not recognized as pores by
the CT scan (Figure 10b).
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Table 4. CT scans of BCCZ cells.

D (mm) 0.5 1 2 3
Volume i2
(mm?) R 75
0.010 ; i
0.008 % “
0.005
0.003
3
0.000 -'
RD (%) 99.96 99.83 99.32 99.72

(b)

Figure 10. Polygonised surface of BCCZ cells and images of cross-sections of node and strut for
diameters of (a,b).

These holes (Figure 11a—c) are related to the contour scanning strategy and are gen-
erated at the beginning on the outer laser trajectory [20]. These phenomena occur in the
vertical struts with area energies of 2.3 J/mm? for the vertical strut and 3.69 J/mm? for the
vertical strut of BCCZ cells, and a strut diameter of 3 mm. Therefore, the holes can be caused
by LPBF melting of the powder particles in the contour strategy. The powder particles are
drawn into the meltpool during melting [37], which is also favored by the low melting
temperature of the magnesium alloy [21]. At the beginning of the outer laser trajectory, the
meltpool draws all surrounded particles, resulting in the powder particles not forming a
sufficient bond at the end of the laser trajectory. These holes can significantly affect the
load-bearing part of the struts and serve as an initiator of crack during loading [38].

(b) (d)

Figure 11. The holes on the surface of (a) vertical strut; (b) polygonised vertical strut; (c) BCCZ cell;
(d) polygonised BCCZ cell (scale 3 mm).
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Surface roughness Ra
(um)
w
[=]

3.4. Surface Roughness

The surface roughness Ra measured on the side of the struts is shown in Figure 12.
Vertical (Figure 12a) and inclined (Figure 12b) struts are mainly influenced by the linear
energy (laser power and laser speed), and the overlap parameters have no influence on the
surface roughness. For vertical struts, the best results are measured at a linear energy of
0.08 J/mm, with a surface roughness Ra in the range of 30-42 pm. Inclined struts achieve
an Ra of 42-50 pm at a linear energy of 0.09 ] /mm (diameter of 0.5 mm) and a linear energy
of 0.25 ] /mm (diameter of 1, 2, 3 mm). A high linear energy (0.7 J/mm) leads to a surface
roughness Ra of 48-64 pm for vertical struts and 51-62 pm for inclined struts.

0

Linear energy:

70
m
" oc
+ @ 60 |
+ E o
&%
- 50 f & A
A Y * E =2 o o
2 4 i x & A
- & 40 o A
PR PR N SRS S W T | §1 30 E :
i 2 3 0 1 2 3
Strut diameter (mm) Strut diameter (mm)
0.08 A 0.25 - 0.42 + 0.7 Linear energy: © 0.09 A 0.25 0.7
(a) (b)

Figure 12. Surface roughness Ra for (a) vertical and (b) inclined struts.

The high surface roughness Ra is related to the low melting point of the magnesium
alloy [21]. The heat from the meltpool is primarily dissipated via the material of the strut,
but the small volume of the strut leads to overheating of the material. Therefore, part
of the heat is dissipated via the surrounding powder particles, which have a lower heat
dissipation rate [16]. The powder particles are partially melted and bonded to the surface,
leading to an increase in the surface roughness Ra.

3.5. Diameters of Vertical and Inclined Struts

The diameter deviations of the produced struts from the nominal diameters are listed
in Figure 13, based on the maximum inscribed and minimum circumscribed cylinders.
The maximum inscribed cylinder, which represents the load-bearing cross-section of the
strut [39], reaches a larger diameter than required for both vertical (Figure 13a) and inclined
(Figure 13b) struts. The deviation from the diameter increases with the linear energy and
strut diameter. For vertical struts, a linear energy of 0.08 ] /mm leads to a diameter deviation
in the range of 0.12-0.15 mm. A linear energy of 0.7 ] /mm leads to a diameter deviation of
0.22-0.46 mm. Inclined struts achieve a diameter deviation of 0.12-0.24 mm with a linear
energy of 0.09 J]/mm and 0.12-0.44 mm with a linear energy of 0.7 ] /mm.

The minimum circumscribed cylinder means an increase in the strut diameter due
to the high energy of the process parameters, which leads to the melting of more powder
particles [20]. In addition, the partially melted powder particles are bound to the surface of
the strut. With the inclined struts (Figure 13d), there is a lot of material on the underside as
the heat is dissipated towards the platform. The deviation increases with the linear energy
and strut diameter. Vertical struts (Figure 13c) show a minimum deviation of 0.52-0.68 mm
at a linear energy of 0.08 J/mm and a maximum deviation of 1.07-1.93 mm at a linear
energy of 0.7 J/mm. The inclined struts achieve a deviation of 0.8-1.79 mm (diameter of
0.5 mm) and 0.92-2.19 mm (diameter of 3 mm). The maximum diameter increases by 358%
with a diameter of 0.5 mm and linear energy of 0.7 ] /mm.
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Figure 13. Diameter deviation of maximum inscribed cylinder and minimum circumscribed cylinder
from required diameter for (a,c) vertical and (b,d) inclined struts.

4. Conclusions

The study described the influence of the process parameters of contour strategy on the
relative material density, surface roughness Ra and dimensional accuracy in the production
of lattice structures from the magnesium alloy WE43. First, the experiments to determine
the process parameters for the contour scanning strategy were evaluated. Then, the vertical
and inclined struts were produced and the relative material density, surface roughness and
dimensional deviation were analyzed. The best vertical and inclined struts with higher
relative material density were used to fabricate BCCZ cells to verify the results. Based on
the experiments, the following conclusions were drawn:

e  The vertical and inclined struts achieved a relative material density of 99.3-99.6% with
an area energy of the process parameters between 1.15 and 3.69 J/mm? depending on
the strut diameter and inclination.

e  BCCZ cells with a diameter of 0.5 mm and 1 mm achieved a relative material density
of 99.83-99.96% with small round pores. The BCCZ cells with a diameter of 2 mm and
3 mm achieved a relative material density of 99.32-99.72%.

e Holes were observed in the vertical struts of the 3 mm diameter BCCZ cells, which
can be related to contour scanning strategy and large strut diameter.

e The overlap of the welds had a major influence on the porosity formation in the
contour scanning strategy. The overlap value was determined based on the width of
the weld of hollow strut specimens.

e  The low melting point of the magnesium alloy WE43 led to an increase in the diameter
of the struts. The load-bearing diameter deviated from the nominal diameter by 4-44%
depending on the orientation and diameter of the strut.
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Influence of Laser Strategies on Performance of Lattice
Structures from Magnesium Alloy WE43 Produced by

Laser Beam Powder Bed Fusion

Jan Jaro3,* Daniel OZvoldik, Ondrej Vaverka, Kldra Nopovd, Jakub Hurnik,

Tomd3 Zikmund, Jozef Kaiser, and Daniel Koutny

Lattice structures made of magnesium alloys are perspective for lightweight
and biomedical applications. The processing of magnesium alloys and the
production of complex geometries is possible with laser beam powder bed fusion.
However, the small material volume of the lattice structures and the magnesium
alloy require specific process parameters in order to achieve a high quality

of the material. Therefore, the influence of two perspective laser strategies
(contour strategy and hatch strategy), their combination, and skywriting is
investigated. The geometry of the body-centered-cubic (BCC) lattice structure
is used, representing the most difficult lattice structure to produce due to the
struts inclination. A relative material density of over 99% is achieved with
three laser strategies. The laser strategies have a direct influence on the pore
distribution, pore shape, and microstructure. All these parameters can influence
the mechanical performance of the BCC structures. The best performance is
achieved with the hatch strategy with skywriting, which results in a low number
of dangerous pores and a fine microstructure. The Young’s modulus of material
of 40 GPa and the effective elastic modulus of BCC structure of 136 MPa are

1. Introduction

The laser beam powder bed fusion (PBF-
LB) process can be used to produce com-
plex geometries from magnesium alloys
that are difficult to process using conven-
tional methods.!"? One of these geome-
tries is lattice structures that can replace
the main material of components to reduce
weight or improve heat dissipation.**
However, the production of complex geom-
etries requires process parameters that are
optimized for small volume and a specific
material.

One of the specific materials processed
by PBF-LB is magnesium alloys. They are
already used in the automotive and
aerospace industries due to their good
strength-to-weight ratio, damping charac-
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teristics, and thermal conductivity.>® As
a lightweight material, magnesium alloys
help reduce component weight, which con-
tributes to fuel savings in the automotive
and aerospace industries.®™? This is in line with the goal of
European climate legislation to reduce greenhouse gas emissions
in transportation.'** In addition, magnesium alloys are a
promising material for biomedical applications due to their
biocompatibility and mechanical properties close to those of
the human bone.["”!

However, challenges arise due to the narrow range between
melting and boiling temperatures (650-1107 °C) of magnesium
alloys, which requires precise control of process parameters.™®!
The process parameters can be divided into four groups based on
the process energy and weld geometry, that is, the insufficient
energy range, the high energy range, the balling effect range,
and the suitable energy range."’”'” Insufficient energy range
is defined by the low energy of the process parameters, which
cannot ensure the required temperature to melt all powder par-
ticles. Delamination and high porosity with an irregular pore
shape are typical.*” In the high-energy range, the powder is
vaporized and expands rapidly, causing a strong recoil in the melt
pool which blows away both the melt and the powder. In addi-
tion, vapors affect the performance of the laser, leading to a
reduction in process energy.”!! The range of the balling effect
is defined by low laser power, high laser speed, and high layer
thickness. The balling effect is caused by the insufficient
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wettability of the melt pool with the previous layer. This impairs
the cohesion of the laser tracks and thus prevents the formation
of further layers.”?) Suitable energy is defined by the stable for-
mation of a melt pool, which leads to a high relative material
density (up to 99.5%).12%)

The optimal process parameters differ with the complexity
of the geometry of the desired components.* One of the cases
of complex geometries is the strut-based lattice structure. The
PBF-LB process provides a high-energy input that melts the
powder particles, but also depends on the cooling rate of
the molten material. With bulk material, the heat is dissipated
through the previously built-up layers However, with lattice
structures, the situation changes as the downskin of the inclined
strut does not have enough material to dissipate all the energy
through it. Part of the energy is dissipated through powder par-
ticles, which have a low dissipation rate.”! This situation causes
the material in the downskin of the strut to be kept at a high
temperature for a long period of time. Therefore, the downskin
of the inclined strut is prone to porosity and the powder particles
are partially fused to the surface of the struts.**2

Heat dissipation also affects the morphology of the molten
pool, which is crucial to establish sufficient metallurgical connec-
tions with solidified material in the previous layers.””] The
microstructure can be affected by high temperatures, which
can result in the boundaries of the melt pool not being clearly
recognizable and the microstructure being coarse.”®*) Changes
in the process parameters or laser strategy can lower the
temperature of the material and cause a fine microstructure.*”
According to Delroisse et al.**! The different heat dissipation in
the upskin and downskin of the strut lead to changes in the
microstructure. The upskin has sufficient heat dissipation,
resulting in a fine microstructure. The downskin has a coarser
microstructure due to the high temperature.

The input energy can be controlled not only with the process
parameters, but also with the laser strategy. There are promising
laser strategies for the geometry of the lattice structure®'* that
should be investigated: hatch strategy and contour strategy.

The hatch strategy is a common strategy for the production of
complex components. The strategy is defined with a contour
for the outer cross-section shape and parallel laser trajectories
in one direction for the core. The parallel laser trajectories rotate
between the layers to ensure thorough bonding of the melt
pool and a fine microstructure. The connection between the con-
tour and the inner laser trajectories is prone to pore formation as a
result of the deceleration of the laser at the end of the laser
trajectories. Therefore, surface processing is required in many
cases.?***! Subsurface porosity can be reduced using skywriting.®!

The contour laser strategy uses concentric laser trajectories
and is suitable for small-volume components with circular
geometry, such as the lattice structures.®”! The contour strategy
was successfully used for the production of high-density zbody-
centered-cubic cells (BCC) with a strut diameter of 0.5 mm and
1mm from the magnesium alloy WE43. The relative material
density was over 99.5%. The strut diameter over 1 mm led to
irregular pores.*®

The selection of process parameters and laser strategies is
the key to PBF-LB production of high-quality lattice struc-
tures. According to the Gibson-Ashby material model,*”! the
mechanical properties of the structures are determined by the
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cell topology, the mechanical properties of the parent material,
and the relative density of the structure, which are defined by
the volume of the material in the unit cell."®*!! The mechanical
properties of lattice structures are also influenced by the geome-
try of the struts, with a nonconstant cross section and a variation
in pore volume having a negative effect.[*>*’]

Considering a strut-based lattice structure with a cubic cell,
the BCC lattice topology consists of the struts with the most
unfavorable case of feasible inclination angle, that is, 35.26°.1*%
Therefore, the manufacturing defects have a much greater
impact on the material quality than in the case of a different
strut orientation. In addition, the mechanical properties can
be affected. Furthermore, according to Maxwell’s criterion,*”!
the dominant deformation mechanism for the BCC cell topology
is bending, which is less effective in terms of load transfer than
the stretching-dominated cell topologies.*®!

The combination of the inclination of the struts and the low
volume of the material makes the production of BCC lattice
structures difficult and, therefore, in many cases leads to the
formation of porosity and a high surface roughness.***”! These
imperfections have a negative impact on the mechanical proper-
ties of the parent material. As Dong et al.****! have shown on the
single struts, the Young’s modulus of material can decrease by
almost 30% due to the size effect and by a further 12% when
the inclination angle is reduced to 35.26°. Tsopanos et al. and
Cervinek et al.”>*" used multistrut tensile samples to determine
the actual value of the Young’s modulus of the parent material of
the lattice structure. Cervinek et al.”" also showed a good corre-
lation between the compression tests and the finite-element anal-
ysis (FEA) using the material properties of the struts. Vaverka
et al.? used the comparison between experiment and FEA with
solid geometry and the Young’s modulus as a parameter to deter-
mine its actual value from the compression test. In the case of
the WE43 magnesium alloy, Young’s modulus of bulk material
is about 45 GPa.[>354 According to the studies mentioned above,
however, the Young’s modulus of the material of BCC lattice
structures should be lower.

This article describes the importance of laser strategy and
process parameters considering relative material density, pore
formation, microstructure, mechanical properties, and failure
behavior. A geometry of the BCC lattice structure with a strut
diameter of 1.5 mm is used. This geometry is prone to imperfec-
tions due to the inclination of the struts; therefore, the effect of
the laser strategy is highlighted. Two laser strategies are used, the
contour strategy and the hatch strategy. The influence of skywrit-
ing and the combination of both strategies are also investigated.

2. Experimental Section

2.1. Process Parameters

First, the contour strategy and the hatch strategy were used to
find the process parameters for the production of BCC lattice
structures with high material density. The geometry of BCC
lattice structures was the most challenging for production due
to the most unfavorable inclination of the struts.** As a sample,
the BCC cell with a diameter of 1.5 mm was used. The cell size
was 10 mm. The BCC cells represented low volume geometry
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Figure 1. Laser trajectories in BCC cells for: a) contour strategy in strut, b) contour strategy in node, and c) hatch strategy in strut.

and yet had enough material to determine the effects of process
parameters and laser strategies on pore formation, microstruc-
ture, and mechanical properties.!*®!

The contour strategy consisted of concentric laser trajectories
used to scan a cross section of the sample. In the struts, the laser
trajectories formed an elliptical shape (Figure 1a). However, in
the node of the BCC cell, where sharp edges were formed,
the laser trajectories were different. In these areas, the hatch
distance between the trajectories was not consistent, which is
crucial for pore formation (Figure 1b).

Compared to the standard hatch strategy, a hatch strategy
without a contour trajectory at the edge of the cross section
was used in this study (Figure 1c). Therefore, the same variable
process parameters can be used for hatch strategy and contour
strategy, that is, laser power, laser speed, and hatch distance. The
laser trajectories in hatch strategy rotated by 67° in each layer.

The BCC cells were produced by PBF-LB process on the SLM
280HL machine (SLM Solutions Group AG, Liibeck, Germany).
This machine used an ytterbium laser with Gaussian distribution
and a spot diameter of 82 pm. An atomized magnesium alloy
WE43 (Luxfer MEL Technologies, Manchester, UK) with a parti-
cle size distribution of 28-60 pm and an average particle size of
39.8 pm was used. The chemical composition is listed in Table 1.
The samples were produced in an argon atmosphere and the plat-
form temperature was 120 °C. The layer thickness was 50 pm.

The range of process parameters was selected based on the
design of experiment (DOE). The input parameters were a laser
power of 50-250 W and a laser speed of 200-1200 mm s™*. The
overlap between two laser trajectories was defined as 40, 50, and
60% of the weld width. The hatch distance, the range of process
parameters, and the overlap values were based on a previous
study.®® The hatch distance was determined by the overlap of
the weld width. Therefore, the supporting data from a previous
study was used to define the weld width.”® The weld width was
measured on the hollow strut samples with a diameter of 1.5 mm
that represented the geometry of the strut. The response surface
regression method was used to interpolate data of the weld width.
The regression coefficient was 90.12%, so the data are well
described. The equation used in this study to define the weld
width is as follows (Equation (1)), where TW represents track
width (mm), LP represents laser power (W), and LS represents
laser speed (mms™).

Table 1. Chemical composition of WE43 powder.

Mg [Wt9%6] Y [wi%] Zr [wt%] Nd [wi%] Si [wt%] Cu [wt%]

WE43 powder Bal. 3.96 0.56 2.30 <0.01 <0.01

Adv. Eng. Mater. 2025, 2402625 2402625 (3 of 15)

TW = 0.3925 + 0.002454LP — 0.001157LS

+ 0.000001LS? — 0.000002LPLS @
A total of 60 BCC cells were produced. The influence of the
process parameters on the relative material density was mea-
sured on the metallographic cross sections due to the high num-
ber of samples. The analysis had sufficient accuracy to measure
the relative density of the material to compare the samples.
The center of the node is a critical area that was influenced
by different laser trajectories. Therefore, the cross sections were
performed in the center of the BCC cells.

2.1.1. Metallographic Cross-Sections Analysis

The relative material density from the metallographic cross
section was analyzed using DOE response surface analysis.
The analysis was performed using Minitab analysis software
(Minitab, LLC, State College, Pennsylvania). The values of the
relative material density for laser power and laser speed were
interpolated with the response surfaces. Based on the interpo-
lated data, the potentially best process parameters can be
determined. These parameters were selected with the aim of
maximizing the relative density of the material. Based on the
prediction, two sets of process parameters were selected and
evaluated by micro-computed tomography (pCT) analysis to
compare the predicted process parameters with the parameters
that achieved the highest relative material density in the cross
sections.

2.2. Laser Strategies

In this study, five strategies were used for the production of
BCC cells. 1) Contour strategy; 2) hatch strategy; 3) hatch strat-
egy with skywriting (hatch + skywriting); 4) combination of
contour strategy and hatch strategy (contour—hatch) and 5) com-
bination of contour strategy and hatch strategy with skywriting
(contour—hatch + skywriting).

2.2.1. Contour Strategy and Hatch Strategy

The relative material density of the BCC cell produced with the
contour strategy and hatch strategy was evaluated by uCT analy-
sis. This allowed the pore distribution and pore size to be recog-
nized throughout the entire geometry. The BCC cells were
produced with two perspective combinations of process param-
eters for each laser strategy. The first combination of process
parameters represents a high relative material density obtained

© 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

95UBD17 SUOWILLID SAITESID 3|edl|dde au) Aq peusenob afe Sapilie YO ‘sh J0 SaINnJ 10) Afeiq1T 8UIUO AB|1/M UO (SUOTIPUOD-PUB-SWLBY WD AS 1M AReId 1 BUI|UO//SANL) SUONIPUOD PUE SWB | 3y} 89S *[G202/£0/50] UO Akeiqiauliuo As(Im * ABojouyse JO AIsieAlun ouig - SOl uer Aq 529201202 Wepe/z00T 0T/I0p/wod" A3 1M Ale.q iUl juo peoueApe// Ay Wwo. popeojumod ‘0 ‘8v9z.eST


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
ENGINEERING
MATERIALS

www.advancedsciencenews.com

from metallographic cross sections. The second combination was
selected based on DOE response surface analysis. Three samples
were produced for each set of process parameters and each laser
strategy. A total of 12 BCC cells were produced.

2.2.2. Skywriting

Typically, the hatch strategy is used for the PBF-LB process.
This strategy leads to a higher subsurface porosity due to the
laser movement. The movement of the laser is controlled by a
high-precision electro-optical galvanometer system. Finally, a
certain amount of time is needed to accelerate and decelerate
the galvanometer mirrors. This is crucial for the initial and
final part of the laser trajectory, where the speed of the laser
is not constant. Skywriting extends the laser trajectories
beyond the scanned cross-section (Figure 2).The extended
trajectory is used for the acceleration and deceleration of the
galvanometer mirrors. Therefore, the laser trajectory covering
the desired cross section of the part is scanned at a constant laser
speed.5657)

The process parameters that lead to a higher relative material
density based on the puCT analysis for hatch strategy were used.
Three BCC cells were produced. The relative density of the mate-
rial, the pore distribution, and the pore size of BCC cells were
evaluated by pCT analysis.

2.2.3. Combination of Contour Strategy and Hatch Strategy

The combination of the contour strategy and the hatch strategy
(contour—hatch) should utilize the advantages of both strategies.

Trajectory with laser off

Trajectory with laser on

Strut section

www.aem-journal.com

The contour strategy proved to be suitable for the production
of struts due to the concentric laser trajectories (Figure 1a).**]
The hatch strategy is suitable for the production of nodes due
to the larger material volume.BY In addition, the laser trajectories
in the nodes are stable over large geometry variations (Figure 1c).

The combination of contour strategy and hatch strategy with
the skywriting (contour-hatch + skywriting) was also investi-
gated. As already mentioned, skywriting can reduce the pores in
zhatch strategy. The effects on the contour strategy were not
tested.

Three BCC cells were produced for each combination of laser
strategies. Based on the pCT analysis of the contour strategy and
hatch strategy, process parameters with higher relative material
density were selected. The relative material density, pore size,
and pore distribution in the BCC cell were investigated by
pCT analysis.

2.3. Relative Material Density

2.3.1. Metallographic Cross Sections

Metallographic cross sections are used to determine perspective
process parameters. Due to the high number of samples, metal-
lographic cross sections are used as a cheaper and faster method
to determine the relative material density than pCT analysis.
The BCC cells produced using the contour strategy and hatch
strategy with different process parameters were metallographi-
cally grounded and polished to the cell center. The polished sam-
ples were recorded (Figure 3a,b) by a digital microscope (Keyence
VHX-6000, objective Z250R, zoom 250x, Keyence, Mechelen,
Belgium). The images were converted to binary images using
the threshold method and the Otsu method.”® The black color
represents the pores, and the white color represents the material.
The percentage of white color represents the relative material
density of the samples.

2.3.2. uCT Analysis

The pCT analysis was used to evaluate the relative material den-
sity of whole BCC cells. The pore size, shape, and position were
also determined. For small-volume samples, these factors were
crucial for their mechanical performance.

CT scans of BCC cells were performed with the pCT machine
(GE Phoenix V Tome X L1240, GE Sensing and Inspection

Figure 3. The metallographic cross sections of BCC cells produced with same process parameter but different laser strategies: a) contour strategy and

b) hatch strategy.
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Technologies GmbH; Wunstorf, Germany). The resolution of
the minimum fundamental volumetric element (voxel) was
10 pm. The number of individual projections that generate a
composite volume was 2000 with a rotation of 360 degrees. To
achieve high-quality scans, a shift was used to define the move-
ment of the detector to avoid possible ring artifacts.®” The cop-
per filter in combination with the 20° tilt of the cell reduced beam
hardening artifacts. Before each measurement, the inspection
setup was calibrated with the spherical rod-type VIX18CE0000
S/N 780446 (GE Sensing and Inspection Technologies GmbH;
Wunstorf, Germany) using a 180 kV/15 W Nanofocus X-ray tube
with a voltage setting of 110kV, a current of 240 pA, an integra-
tion time of 334 ms, and an average of 3 images taken in one
projection. The copper filter had a thickness of 0.2 mm.

The data was processed in VGSTUDIO MAX 2023.4.1
(Volume Graphics, Heidelberg, Germany). BCC cells contain
partially melted powder particles that are bound to the material
of the cell. The relative material density was only calculated from
the material of the cell without powder particles on the surface.
For this purpose, the closing and erode functions of the originally
defined surface of the cell were used. The single cell with the
largest volume of material was then isolated and was ready
for relative material density and porosity analysis (Figure 4).

In addition to the relative density of the material and the pore
distribution, the individual parameters of the pores were ana-
lyzed. The sphericity value was based on the ratio between the
pore volume (Spore) and the pore surface area (S,). More pre-
cisely, sphericity was determined by the ratio between the surface
area of a sphere with the same volume as the pore and the actual
surface area of the pore (Equation (2)). The value of the sphericity
describes the shape of the pore.

The second parameter of the pore was the compactness.
The compactness of the pore can be described as the volume
of the pore distributed in space (Equation (3)). The value was cal-
culated as the ratio of the pore volume (V) to the volume of the
sphere (V,), which was defined by the maximum radius around
the pore.l®%6!

=

;-—-j Recent Defined

Surface

Residual Material

Figure 4. Raw pCT data visualized in the section.
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2.4. Melt Pool Morphology and Microstructure

Melt pool morphology and microstructure are observed to
determine the influence of laser strategies on material formation.
The selected samples represented laser strategies with the
highest relative material density measured by pCT. The samples
were grounded and polished in the same orientation as in
Section 2.3.1. Each sample was etched using the 2% nitric
acid alcohol solution. The light microscope (Olympus GX51,
Olympus, Tokyo, Japan) was used to capture images of the melt
pool morphology.

Scanning electron microscopy (SEM) was used to obtain
a detailed microstructure and chemical composition of the
material. The analysis was performed with the SEM (Zeiss
Ultra Plus, ZEISS, Oberkochen, Germany) equipped with an
energy-dispersive X-ray spectrometer (EDS) (X-Max 20, Oxford
Instruments, Abingdon, Oxfordshire, UK). An accelerating volt-
age of 10kV was used.

2.5. Quasistatic Compression Testing

Quasistatic compression loading is used to determine the influ-
ence of laser strategies on the mechanical performance of struc-
tures. 3 x 3 x 3 BCC lattice structures with a diameter of 1.5 mm
and a cell size of 10 mm were fabricated in three samples
for each laser strategy. The three best laser strategies were
selected based on the relative material density measured by
uCT. A quasistatic compression test (Shimadzu AGX-V 100kN,
Shimadzu Corporation, Kyoto, Japan) was performed. The test
speed was 1 mm min~", which corresponded to a strain rate
of 3.3% min"'. The displacement was measured with the
mechanical extensometer, which was placed on the compression
plates. The sampling rate was 100 Hz.

The deformation behavior of the specimens under the
quasistatic compression loading was recorded with a digital
3D image correlation system (DIC) from Dantec Dynamics
(Dantec Dynamics a/s, Skovlunde, Denmark). Before the test,
the samples were sprayed with a fine, high-contrast stochastic
pattern. The DIC setup consisted of two 5 MPx cameras with
50 mm objectives. With a stereo base of ~150-175 mm and an
angle of 20°-25°, the setup can capture deformations in an area
of 50 x 50 mm. The facet size and grid spacing were set to
25 and 13 px, respectively, to achieve sufficient reliability and
a dense, overlapping mesh. The frame rate for the acquisition
was set to 1 Hz. The images were used to visualize the directional
deformation in the loading direction over the entire field to inves-
tigate the failure mode of the BCC lattice structures.
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2.6. Geometry Analysis

The strut diameter of the structures is measured in order to
determine the influence of the laser strategies on the material
properties using FEA. The diameter of the strut was measured
with an optical 3D scanner (Atos Triple Scan III, GOM GmbH,
Braunschweig, Germany). The data was processed in GOM
Inspect software, where polygonization and digitization were
used. Two diameters were measured, namely, the maximum
inscribed diameter, which represents the load-bearing material
of the strut, and the minimum circumscribed diameter, which
represents geometrical irregularities.

Three BCC cells were analyzed for each of the three laser strat-
egies. The four struts at the top of the cell were measured. These
struts were fully scanned due to the good visibility of the strut
surface. Therefore, the four values were determined for each cell,
resulting in 12 values for the laser strategy.

2.7. Finite-Element Analysis

FEA is used to determine the Young’s modulus (YM) of the par-
ent material based on the model of structure represented by the
measured diameter. Based on the literature,[**>? the YM of the
parent material for the lattice structure differs from the YM of
the bulk material. The simulations were performed in ANSYS
Workbench (Ansys Inc., Canonsburg, Pennsylvania).

2.7.1. Material Definition

The magnesium alloy WE43 was defined by a bilinear material
model. The parameters were specified by the powder manufac-
turer: Poisson’s ratio 0.27, yield strength 220 MPa, Young’s
modulus 45 GPa, and tangent modulus 920 MPa. The variable
parameter was Young’s modulus which changed in steps of
5 GPa until the deviation between the effective elastic modulus
of the experiment and the simulation was less than 5%.

2.7.2. Simulation

The quarter geometry model was used for the simulation in
order to reduce the number of degrees of freedom and thus the
computation time (Figure 5a). The rest of the structure was
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Symmetry in
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/\\v/ Frictional contact

f=0.45
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represented by symmetry boundary conditions in the X and Z
directions, which also contributed to the computational stability
of the simulation. The diameter of the struts corresponded to
the maximum inscribed diameter measured in the 3D scan
(Section 2.6).

The structure was placed between two plates with a thickness
of 0.5mm. The bottom plate was fixed, and a displacement
of —2 mm in Y direction was applied to the top of the upper plate.
The material of the test plates was stainless steel, which had
a 50000-fold higher YM. This means a higher rigidity of the
testing machine compared to the structure. The coefficient of
friction of 0.45 corresponded to the contact between stainless
steel and the WE43 magnesium alloy.!®?

The size of the mesh element was determined on the basis of a
mesh sensitivity analysis. An element size of 0.2-1mm was
tested and the result is shown in Figure 5b. The criterion was
that the difference between the force and the force with a higher
element size must be less than 1%. At the same time, the degrees
of freedom must be small. The criterion was fulfilled with
an element size of 0.6 mm, which was used for all samples.
Direct solver was used.

The output of the simulation was the force reaction and dis-
placement in Y direction which can be compared with the results.
The force reaction was obtained from the contact between the
BCC structure and the top plate. The displacement was deter-
mined by the displacement of the top plate.

3. Results and Discussion

3.1. Process Parameters Selection

The relative material density of BCC cells processed by metallo-
graphic cross sections is evaluated by DOE response surface anal-
ysis. The coefficient of determination is 94.73 and 90.89% for the
contour strategy and the hatch strategy, respectively. The process
parameters with an overlap of 60% achieve a higher relative
material density than overlap 50 and 40%. The influence of laser
power and laser speed on the relative material density is shown in
Figure 6. The contour strategy (CS; Figure 6a) and the hatch strat-
egy (HS; Figure 6b) show differences in the orientation of the
process parameters area with high relative material density
(99%). The same process parameters for both strategies lead
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Figure 5. FEA simulation conditions: a) simulation setup and b) influence of element size on force and degrees of freedom.

Adv. Eng. Mater. 2025, 2402625 2402625 (6 of 15)

© 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

95UBD17 SUOWILLID SAITESID 3|edl|dde au) Aq peusenob afe Sapilie YO ‘sh J0 SaINnJ 10) Afeiq1T 8UIUO AB|1/M UO (SUOTIPUOD-PUB-SWLBY WD AS 1M AReId 1 BUI|UO//SANL) SUONIPUOD PUE SWB | 3y} 89S *[G202/£0/50] UO Akeiqiauliuo As(Im * ABojouyse JO AIsieAlun ouig - SOl uer Aq 529201202 Wepe/z00T 0T/I0p/wod" A3 1M Ale.q iUl juo peoueApe// Ay Wwo. popeojumod ‘0 ‘8v9z.eST


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
ENGINEERING
MATERIALS

www.advancedsciencenews.com

@)

100 -

Laser speed (mm/s)
3 3
& 8

wn
o
(=]

300

s . - - . -
50 100 150 200 250

Laser power (W)

® CS prediction + CS highest relative density

www.aem-journal.com

5‘0 100 150 200 250
Laser power (W)

¥ HS prediction + HS highest relative density

Figure 6. Dependence of relative material density on laser power and laser speed of BCC cells for overlap of 60% produced with: a) contour strategy and

b) hatch strategy.

to different pore formation. The differences can be seen in the
Figure 3. Figure 6 visually represents the equation from response
surface analysis for the contour strategy (Equation (4))
and for the hatch strategy (Equation (5)), where RMD stands
for the relative material density (%), LP for the laser power
(W), and LS for the laser speed (mms™").

RMD = 89.82 + 0.1334LP — 0.00182LS — 0.000532LP?
— 0.000016LS? + 0.000092LPLS

RMD = 94.11 + 0.0194LP + 0.01400LS — 0.000206LP>
— 0.000024LS? + 0.000091LPLS

Based on the results, two perspective combinations of the pro-
cess parameters for the contour and hatch strategy are deter-
mined. The first is the process parameter that leads to a
higher measured relative material density, that is, 98.99% for
the contour strategy and 98.97% for the hatch strategy. The sec-
ond is the combination of process parameters selected based on
the prediction using the equations (Equation (4) and (5)) from the
DOE surface response analysis. The aim of the analysis is to
achieve maximum relative material density. The combinations
of process parameters for the contour strategy (contour, predic-
tion contour) and the hatch strategy (hatch, prediction hatch) are
listed in Table 2.

Table 2. Perspective process parameters from metallographic sections.

Laser strategy Laser power  Laser speed  Overlap Hatch distance

3.2. Influence of Laser Strategies on the Relative Material
Density

The relative material density of BCC cells produced with differ-
ent laser strategies is evaluated by pCT analysis. Moreover, pore
formation, distribution, shape, and size are determined. First,
samples produced with perspective combinations of process
parameters are evaluated. The predicted process parameters
achieve a lower relative material density compared to the process
parameters leading to a higher relative material density from
cross sections (Table 3). Therefore, the process parameters
(contour and hatch in Table 2) are used for further experiments.

The influence of skywriting and the combination of contour
and hatch strategies is further investigated. Skywriting has the
potential to reduce the pores near the surface. The combination
of contour and hatch strategies can combine the advantages of
botch strategies, that is, contour for struts and hatch for nodes.

The relative material density of BCC cells produced with dif-
ferent laser strategies is shown in Table 4. The hatch strategy
with skywriting (hatch + skywriting) achieves a relative material
density of more than 99.5%. Skywriting reduces pore formation
compared to the hatch strategy without skywriting (98.8%). The
combination of contour strategy for struts and hatch strategy for
nodes (contour—hatch) achieves a relative material density of over
99.1%. The relative material density does not improve compared

Table 3. Average relative material density of perspective combinations of
process parameters.

W] [mms™] [%6] [mm] Laser strategy Relative material density [%)] Std. deviation [%)]
Contour 150 200 60 0.20 Contour 99.13 0.006
Hatch 150 700 60 0.09 Hatch 98.87 0.111
Prediction Contour 161 412 60 0.14 Prediction Contour 98.76 0.038
Prediction Hatch 191 655 60 0.1 Prediction Hatch 97.88 0.044
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Table 4. Average relative material density for skywriting and combinations
of laser strategies.

Laser strategy Relative material density [%] Std. deviation [%)]

Hatch + skywriting 99.55 0.025
contour—hatch 99.11 0.020
contour—hatch + skywriting 98.67 0.029

to the contour strategy. Compared to the hatch strategy (98.87%)
the relative material density is improved, which indicates the pos-
itive effect of the contour strategy on the struts. No positive effect
is observed when combining the contour and hatch strategy with
skywriting (contour-hatch + skywriting).

The average relative material density of over 99% is achieved
with three laser strategies (Table 3 and 4), that is, contour strat-
egy, hatch + skywriting, and contour-hatch. These strategies are
further analyzed to determine the pore distribution, pore num-
ber, pore size, and pore shape. The microstructure is also dis-
cussed with respect to the strategies and process parameters.
The quality of the material is important for the mechanical prop-
erties, that are determined based on the compressive load and
simulation.

3.2.1. Pore Distribution

The pore distribution can help to understand the pore formation
in the material depending on the laser strategy. The uCT images
show the distribution of the pores through the BCC cell and one
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of the cell struts (Figure 7). The majority of the pores have a vol-
ume of up to 0.0016 mm?. The pore distribution and the number
of pores differ depending on the laser strategy. In the case of
hatch + skywriting (Figure 7a), the node contains a small num-
ber of pores. This indicates the suitability of the hatch strategy
for a higher volume of material in the node.** The pores in the
struts are located mainly in the area of the downskin, which is
due to heat dissipation during production.” The downskin area
is kept at high temperature, which increases the flowability
of the melt pool and leads to the creation of keyhole pores.**]
Skywriting has a positive effect on pore formation in the subsur-
face area (Figure 7a), compared to the hatch strategy without sky-
writing (Figure 7b). The slowing down of the laser at the end of
the trajectories has a visible influence.!*!

The pores in the contour strategy are located between the laser
trajectories (Figure 7c). This pore formation is typical for the lack
of fusion pores caused by insufficient overlap of the laser trajec-
tories.*? The effect is magnified by the unidirectional pattern of
the laser trajectories.[®”l The node contains more pores than in
the hatch strategy, which may be caused by overheating of the
material at the sharp edges of the laser trajectories (Figure 1b).

The pore distribution in the contour-hatch (Figure 7d) corre-
sponds to the laser strategy used specifically in the struts or in
the node. The hatch strategy in the node region reduces the for-
mation of pores compared to the contour strategy. In the struts,
the contour strategy shows a distribution of pores between the
laser trajectories.

The pore distribution is also influenced by the flow of the
inert gas atmosphere. In magnesium alloys, this influence is

(b)

Volume

(mm?)
0.0040

(d)

Volume
{mim) %
0.0040

Figure 7. Pore distribution in BCC cells with details of the strut for: a) hatch + skywriting, b) hatch strategy, c) contour strategy, and d) contour—hatch.
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further magnified by the formation of fumes during PBF-LB
processing.'®® The contour strategy is less susceptible to this phe-
nomenon which can be seen in the Figure 7c,d, where pores are
evenly distributed. In the case of hatch strategy and hatch +
skywriting, the pores gather closer to the gas outlet (left side of
the strut - Figure 7a,b). As the powder is melted, the fumes are
removed by the atmospheric argon flow.?!) Due to the high speed
of the process, the laser power is reduced especially in the area
near the outlet of the atmosphere, where the fumes are still
present. These areas are therefore susceptible to the formation
of pores.

The laser strategy influences not only the number of pores and
their distribution in the material but also the volume (Figure 7)
and shape (Figure 8). The compactness to sphericity graphs is
used to visualize the pore geometry.®!! Pore geometry can be
used to determine the effect of pores on the initiation of potential
cracks during loading, especially in cyclic tests.°*”) Pores with a
compactness of 0-0.5 and a sphericity of 0-0.55 have an irregular
shape and can be classified as potentially dangerous.

The hatch + skywriting reduces the number of pores and the
number of dangerous pores (Figure 8a). The main concentration
of pores is between a compactness of 0.4-0.8 and a sphericity
of 0.6-0.7. The hatch + skywriting has a lower number of
dangerous pores, which can have a positive effect on mechanical
performance. The contour strategy (Figure 8b) and the contour—
hatch (Figure 8c) lead to a higher number of pores. In addition,
more dangerous pores are accumulated in the material
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More dangerous pores lead to high stresses in the material in
the area closer to the pore irregularity. This can have a negative
effect during loading.*"

3.3. Melt Pool Morphology and Material Microstructure

The morphology of the melt pools formed by the PBF-LB process
is shown in Figure 9. All investigated samples show a typical melt
pool morphology consisting of overlapping solidified melt
pools, indicating good metallurgical bonding between the layers
(Figure 9a). The microstructure within the melt pool consists of
a lamellar region near the melt pool boundary and a region with
equiaxed grains in the center of the melt pool (Figure 9b). The
gradual transition of the microstructure can be attributed to
decreasing cooling rates and the decreasing temperature gradi-
ent from the boundary of the melt pool to the center of the melt
pool.?®%®] Solidification leads to an increase in the strength and
ductility of the material.l*”!

The metallographic sections of the struts showed a lower occur-
rence of keyhole pores in the hatch + skywriting (Figure 10a)
than in the contour strategy (Figure 10b). This effect can be
attributed to the higher energy density (75] mm™3) in the contour
strategy than in the hatch strategy (47.62] mm~3). Moreover, the
higher-energy input leads to an increase in the flowability of the
melt pool, which causes no clear boundaries of the melt pool.
For hatch + skywriting (Figure 10a), no clear boundaries can
be recognized only in the downskin area of the struts. This is
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Figure 8. Compactness—sphericity dependence of pores for: a) hatch + skywriting, b) contour strategy, and c) contour—hatch.
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Figure 10. Keyhole pores and the effect of no clear boundaries: a) hatch + skywriting, b) contour strategy, and c) transition between node and strut for

contour—hatch.

due to the low heat dissipation in the downskin.” No clear
boundaries are visible in upskin and downskin area of the struts
for contour strategy (Figure 10b). In the case of contour-hatch the
same phenomenon is visible in the transition area between con-
tour and hatch strategies. The lack of clear boundaries of the melt
pool can have a negative effect on the mechanical properties.®!

The metallographic sections of the nodes show clear melt pool
boundaries for hatch + skywriting (Figure 11a) and hatch strat-
egy in the contour-hatch (Figure 11c). The round keyhole pores
are present in small numbers. In the case of the contour strategy
(Figure 11b), the situation is different. The boundaries of the
melt pool are clearly visible only in the center of the node.
The node contains more pores, especially more irregular pores

(represented by the red arrows in Figure 11b). The irregular
pores are located on the side of the melt pool, which corresponds
to the formation of pore in the contour strategy (Figure 7c). The
pores are formed between the laser trajectories, which is due to a
lack of fusion. The contour-hatch strategy leads to visible bound-
aries of the melt pool in the bottom area of the node (Figure 11c¢).
The upper area is affected by the high energy of the contour strat-
egy used for struts. The large depth of the weld width causes the
boundaries of the weld pool to disappear.!”)

The nodes of the BCC structures are used for the SEM-EDS
analysis. For all three laser strategies, the chemical composition
corresponds to the chemical composition of the WE43 powder
(Table 1). The chemical composition is not influenced by the

Figure 11. Microstructure and porosity in the node for: a) hatch + skywriting, b) contour strategy, and c) contour—hatch.
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Figure 12. SEM-BSE of the node of BCC cells for: a) hatch + skywriting and b) contour strategy.

energy density of the process parameters even when the process
energy of the contour strategy is about 57% higher than for the
hatch strategy.

The backscatter electron micrographs from SEM analysis
(Figure 12) show the occurrence of very small dispersed
rare earth (RE) elements-rich precipitates for hatch strategy
(Figure 12a). The same precipitates are observed for the contour—
hatch and the hatch + skywriting. The skywriting has no influ-
ence on the occurrence of a precipitate. The presence of very
small dispersed precipitations is reduced only in the area without
visible boundaries of the melt pools (downskin of the struts).
In the case of the contour strategy (Figure 12b), the very fine dis-
persed precipitates are not observed in any areas such as areas
with visible melt pool boundaries and without boundaries.
This can be attributed to the slower solidification of the melt
pool as a result of the higher process energy. The spherical-
and ribbon-shaped precipitates are contained in both the hatch
strategy (Figure 12a) and the contour strategy (Figure 12b).
Ribbon-shaped precipitates have a very long length compared
to a width of tens of nanometers.”” The fine microstructure
has a positive effect on the mechanical performance of the mate-
rial.®% Therefore, a better performance is expected from hatch +
skywriting.

Detailed SEM—-EDS analyses revealed a microstructure con-
sisting of basic matrix a-Mg precipitates rich in RE, mainly
Y and Nb (Table 5). However, individual phases cannot be deter-
mined using this method. The chemical composition corre-
sponds to the phases Y,0;, Mg;Nd, and Mg,,Ys according to
the literature.*>7%71!

3.4. Mechanical Properties

The mechanical properties are determined using three samples
of BCC lattice structures under quasistatic compressive loading.

Table 5. EDS results for areas highlighted in the Figure 12.

Laser strategy Precipitate Mg [wt%] Y [wt%)] Nd [wt%)]
Hatch + Area of very 94.1 2.4 35
skywriting fine particles

Contour Ribbon 75.2 18.8 6.0
Contour Spherical 80.8 12.3 6.9

The average maximum force and the effective elastic modulus
are shown in Table 6. The effective elastic modulus is deter-
mined by the slope of the elastic area with a coefficient of deter-
mination greater than 0.99. The contour-hatch strategy leads to
stiffer structures. The maximum force is achieved with the con-
tour strategy, but the standard deviation is high. The laser strat-
egy has an influence on the mechanical properties. However, the
diameter of the strut must be taken into account in order to fully
describe the mechanical properties.

3.5. Strut Diameter

The average strut diameters of the BCC cells produced by per-
spective laser strategies are listed in Table 7. All measured diam-
eters are larger than the nominal diameter of 1.5 mm. This is
due to the definition of the strategy when the actual diameter
of the sample is not compensated with the beam compensation
parameter.

The diameter of the load-bearing strut is represented
by the maximum inscribed diameter. With the strategy hatch +
skywriting, a smaller strut diameter is achieved than with the
contour or contour-hatch strategy. This can be attributed to

Table 6. Average maximum force and average effective elastic modulus
for 3 x 3 x 3 BCC lattice structures.

Laser strategy Max Std. Effective elastic Std.
force [N] deviation [N] modulus [MPa] deviation [MPa]
Hatch + skywriting 3041 60.07 136.4 9.56
Contour 3788 98.29 130.7 23.31
Contour—hatch 3422 56.36 152.76 3.57

Table 7. Average strut diameter of BCC cells produced with perspective
laser strategies.

Laser strategy Maximum Std. Minimum Std.
inscribed deviation  circumscribed  deviation

diameter [mm] [mm] diameter [mm)] [mm]

Hatch + skywriting 1.67 0.02 3.51 0.17

Contour 1.96 0.03 3.87 0.14

Contour-hatch 1.96 0.02 4.05 0.13
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the higher energy density of the process parameters, specifically
75]mm~3 for the contour strategy compared to 47.62]J mm~3 for
the hatch strategy. A higher energy of the process parameters
leads to wider laser welds which influence the diameter of
the strut.l'”]

The minimum circumscribed diameter is 2.3-2.7 times
higher than the nominal diameter. The difference between
the maximum inscribed diameter and the minimum circum-
scribed diameter refers to the material of the strut that is not
involved in load transfer. The uninvolved material on the strut
is mainly related to the inclination of the struts. The downskin
area is kept at the high temperature that leads to the melting of
the surrounding powder particles.” The particles are bonded to
the surface of the struts (Figure 4). This effect is magnified by the
low melting temperature of the magnesium alloy.!*®

The maximum inscribed diameter is used for the FEA simu-
lation to describe the influence of the laser strategies on the
material properties. This diameter is directly related to the load
transfer.

3.6. Young’s Modulus of the Material

A dependence of the laser strategies on the Young’s modulus is
observed. The comparison of experiment and FEA is shown in
Figure 13. The condition of convergence is fulfilled for hatch +
skywriting with Young’s modulus of 40 GPa, for the contour

www.aem-journal.com

strategy with 15 GPa, and for contour-hatch with 20 GPa. The
best result is achieved with hatch + skywriting (Figure 13a).
The curve fits well in the elastic and plastic regions of deforma-
tion. The Young’s modulus 15 GPa for the contour strategy
(Figure 13b) and 20 GPa for the contour-hatch (Figure 13c)
matches the experiment in the elastic region, but there is a
higher deviation in the plastic region.

The Young’s modulus of 40 GPa for hatch + skywriting rep-
resents 11% decrease compared to the nominal Young’s modu-
lus of magnesium alloy WE43 (44—45 GPa).>*** In comparison
with the results of Dong et al.l**** the decrease in Young’s mod-
ulus is not as pronounced. The authors referred to a decrease of
about 30% caused by a reduction in the diameter of the test sam-
ple from 5 to 1 mm. In addition, the inclination also caused a
decrease of about 12% when the inclination angle changed from
90° to 35.5°. The positive effect of hatch + skywriting is even
more pronounced compared to the other strategies tested.
With the contour strategy and the contour—hatch strategy, the
Young’s modulus decreased by 67 and 56% respectively.

The performance of hatch + skywriting can be attributed to
several factors, that is, the relative material density (99.55%),
the small occurrence of dangerous pores (Figure 8a), and
the fine microstructure (Figure 12a). The fine microstructure
consists of very small dispersed precipitates, that determine
the high strength of the LBF-PB material.*>” The lower value
of the Young’s modulus is achieved with the contour strategy
despite a higher relative density (99.11%) than in the case of
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Figure 13. Comparison of experimental results with simulation of BCC lattice structures loaded in compression for: a) hatch + skywriting, b) contour, and

) contour—hatch strategies.
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contour—hatch (98.67%). This can be attributed to the number of
pores in the area of the node (Figure 7a), where the hatch strategy
has a positive effect. The node is a critical part of the BCC struc-
ture during loading. The coarse microstructure in the node area
can influence the mechanical performance of the contour
strategy.[27'28’72]

3.7. Deformation Behavior

BCC lattice structures under quasistatic compressive loading
show similar loading curves (Figure 14). The first peak is fol-
lowed by the failure of the structure and densification typical
of BCC structures.”?! The deformation behavior of the hatch +
skywriting and the contour-hatch has the same character
(Figure 14a,b,e,f). The shear failure band is caused by a fracture
in the connection between the node and the strut, which is typical
for bending—dominant structures.”* However, the deformation

(a) as

3 F

Stress (MPa)

- N

- o Mo
G

e
tn
T

o

=1

0.05 0.1 0.15 0.2
Strain (-)
——HS+5W-1 ——HS+5W-2 ——HS+5W-3 X DIC images

—_—
(2]
~—
FS
(5]
J

Stress (MPa)

£ = i fa ]
=T R T ST~

0 0.05 0.1 0.15
Strain (-)

-——C51 —(C5-2 ——C5-3 * DICimages

@
AL

Stress (MPa)
B
o

= oM

e
o

o

o 0.05 0.1 0.15 0.2
Strain (-)
——(CS-HS-1 ——CS-HS-2 ——CS-HS-3 X DICimages

www.aem-journal.com

behavior of the structure is different for the contour strategy
(Figure 14c,d). The deformation occurs in one layer. Different
microstructures and porosities in the nodes where the stresses
accumulate during loading can have effect.”>”% The DIC images
represent the behavior of all BCC lattice structures produced with
a specific laser strategy.

The combination of a microstructure without clear boundaries
and a higher number of pores and irregular pores with sharp
edges might have led to a different deformation behavior of
the BCC lattice structures produced with the contour strategy.

4. Conclusion

The article described the influence of laser strategy on the
mechanical performance of BCC lattice structures from the
WE43 magnesium alloy produced by PFB-LB. Mechanical

10mm

Figure 14. Engineering stress—strain curves with indicated points for DIC images of deformation in vertical direction for: a,b) hatch + skywriting,

c,d) contour strategy, and e,f) contour—hatch.
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performance is affected by relative material density, pore distri-
bution, pore shape, and microstructure. In addition, the produc-
tion of lattice structures requires specific process parameters in
order to achieve a high relative material density, which differs
depending on the laser strategy. This situation is even more crit-
ical for magnesium alloys, as the low melting temperature must
be taken into account. Although the WE43 magnesium alloy was
used, the authors believe that the principles could also be appli-
cable to other materials. The following conclusions can be sum-
marized as follows. 1) The hatch strategy with skywriting
achieved Young’s modulus of 40 GPa, which is about 12% lower
than Young’s modulus of bulk WE43. Considering the BCC lat-
tice structure with an inclination angle is 35.26° and a diameter
of 1.5mm, the decrease is not significant compared to the
literature.*®**! The Young’s modulus was determined from
the FEA of the quasistatic compression testing of BCC lattice
structures. The actual diameter of the strut was considered.
With the contour strategy and the combination of contour and
hatch strategy, a Young’s modulus of 15 and 20 GPa was
achieved. The effective elastic modulus from the experimental
testing was 136 MPa for the hatch strategy with skywriting.
2) The mechanical performance could have been influenced
by the microstructure. Clear melt pool boundaries were obtained
for the hatch strategy with skywriting. Very fine RE-rich precip-
itates were observed, which had a positive effect on the mechan-
ical properties. In contrast, the contour strategy led to strongly
heat-affected areas without clear melt pool boundaries. The
microstructure was dominated by ribbon-shaped and spherical
precipitates The microstructure correlated with the energy
density of the process parameters for the hatch strategy
(47.62Jmm~>) and the contour strategy (75]mm™3).
3) Although the energy density for the contour strategy was about
36% higher than for the hatch strategy, the relative material den-
sity was above 99% in both cases. This suggests that the contour
and hatch strategies require different energy densities, which
could be due to the alignment of the laser trajectories.
Furthermore, neither energy density resulted in vaporization
of the WE43 alloying elements. 4) The laser trajectories of the
contour and hatch strategies also influenced pore formation
and pore shape. The dangerous pores with irregular shape
occurred more frequently with the contour strategy and with
the combination of contour and hatch strategy. The pores were
predominantly located between the laser trajectories. This could
have an effect on the mechanical performance, as the Young’s
modulus was 62 and 50% lower than for the hatch strategy with
skywriting. 5) Skywriting for the hatch strategy led to a strong
reduction of pores in the subsurface area. This led to an increase
in the average relative material density of 0.68% compared to the
hatch strategy without skywriting. This effect is more pro-
nounced for the lattice structures due to the the small material
volume. Skywriting had no positive effect on the contour strat-
egy. This could be due to the fact that the laser trajectories
end at the same point at which they begin.
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7 CONCLUSIONS

The thesis focused on the development of PBF-LB process parameters for the production of
lattice structures from lightweight materials. The scientific questions addressing the main
problems were identified based on the literature review. The PBF-LB process parameters
and laser strategies should have been considered for the fabrication of lattice structures from
materials such as aluminum and magnesium alloys.

In the literature, the studies describe the effects of the PBF-LB process parameters on the
quality of the lattice structures, usually using materials that are easy to process such as
aluminum alloys. The negative effects of low volume and strut inclination have also been
described. However, the process for achieving high relative material density of lattice
structures within the wide range of strut diameters was not described. Furthermore, the
production of magnesium alloy lattice structures was not described. The geometry of lattice
structures seems to be suitable for contour strategy using circumscribed laser trajectories,
therefore the effect on the reduction of imperfections should be analyzed.

In the first phase of this thesis, the contour strategy was used for the production of vertical
and inclined struts representing the geometry of lattice structures made of the aluminum
alloy AlISi10Mg. It was shown that the contour strategy can lead to a relative material density
of over 99.8% and achieves better results in terms of surface roughness and dimensional
accuracy than the hatch (meander) strategy with the process parameters recommended by
the powder manufacturer. The circumscribed laser trajectories of the contour strategy fit well
with the circular or elliptical cross-sections of the vertical and inclined struts. In order to
obtain struts with minimum imperfections, the selection of the PBF-LB process parameters
had to be taken into account. In the case of the contour strategy, the overlap between two
laser trajectories was crucial. The value of 35% proved to be suitable to reduce porosity. The
determination of the hatch distance from the overlap was based on the weld width, the energy
of the process parameters and the inclination of the struts. The weld width was measured on
hollow struts with the same strut diameter to represent real production conditions. In order
to achieve high dimensional accuracy, the beam distance parameter was set to 1/3 of the
weld width.,
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In the second phase, the contour strategy was used for the production of BCCZ cells from a
WE43 magnesium alloy. The relative material density of over 99.8% was achieved for
BCCZ cells with diameters of 0.5 and 1 mm. The selection of process parameters was based
on the results of a previous study. The hollow struts were used to determine the actual weld
width. However, various suitable overlap values in the range of 45-80% was determined,
depending on the input energy of the PBF-LB process parameters and the strut diameter.
Due to the narrow range of 450° between the melting and boiling points of the magnesium
alloy, the energy of the PBF-LB process was partially dissipated by the surrounding powder
particles. This resulted in a surface roughness Ra between 30-64 um depending on the strut
diameter and inclination. Also, the deviation of the maximum inscribed diameter was
between 4-44% and the deviation of the minimum inscribed diameter reached a maximum
value of 3.5 times the nominal diameter. However, high relative material density was
achieved in BCCZ cells with strut diameters of 0.5 and 1 mm, while diameters of 2 and 3
mm resulted in irregular open pores, probably due to problems associated with magnesium
alloy processing. The node of the cell also exhibited irregular pores due to sharp edges in
the laser trajectories for contour strategy.

The third phase therefore focused on the BCC lattice structures with a diameter of 1.5 mm
from the WE43 magnesium alloy. The different laser strategies were used to achieve high
relative material density and to determine the influence of PBF-LB production on
mechanical performance. The relative material density of over 99% was achieved with the
contour strategy, the combination of contour and hatch strategy and hath strategy with
skywriting. The contour strategy led to a higher occurrence of pores in the cell nodes,
therefore the combination of both strategies was used, i.e. the contour strategy for the struts
and the hatch strategy for the nodes. The effective elastic modulus from the compression test
of the BCC lattice structures was 130 MPa for the contour strategy, 136 MPa for the hatch
strategy with skywriting and 152 MPa for the combination of both strategies. However, the
effective elastic modulus did not take into account the actual diameter of the struts.
Therefore, the Young’s modulus of material was determined from the FEA using the
maximum inscribed diameter and the results of the compressive loading. The Young’s
modulus of 40 GPa was achieved using the hatch strategy with skywriting. This laser strategy
reduced the occurrence of dangerous pores in the material of the lattice structures and the
microstructure showed very fine areas rich in rare elements, which contributed to the
mechanical performance. The lower Young’s modulus of 15 GPa was achieved with the
contour strategy. The combination of both strategies led to a Young’s modulus of 20 GPa.

Based on the tested hypothesis, the results can be summarized in the following conclusions:
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Q1 Does the contour strategy lead to a reduction of imperfections such as material porosity,
dimensional inaccuracy and rough surface that occur during PBF-LB production of lattice
structures compared to the commonly used process parameters?

Optimization of the PBF-LB process parameters for the contour strategy resulted in a relative
material density of over 99.8% for a wide range of strut diameters from 0.6-3 mm. The hatch
strategy achieved a lower relative material density, except for inclined struts with diameters
of 0.6 mm and 0.7 mm, where the laser trajectories were formed by only one contour. The
median value of the dimensional deviation was 0.03 mm for inclined struts and 0.04 mm for
vertical struts. The surface roughness Ra was reduced with the contour strategy, but the
values were dependent on the energy of the PBF-LB process parameters. The contour
strategy reduced imperfection during PBF-LB production, but required individual
adjustment of process parameters for input energy, strut diameter and strut orientation.
Thus, the first hypothesis was not falsified.

Q2 Does the contour strategy result in a relative material density of over 99.5% for lattice
structures when using the magnesium alloy WE43?

The contour strategy resulted in a relative material density of over 99.8 % for WE43
magnesium alloy BCCZ cells with diameters of 0.5 mm and 1 mm produced with PBF-LB.
Specific selection of process parameters based on input energy, strut diameter and strut
orientation was used. Using the same approach to optimize the process parameters, the 2 mm
and 3 mm strut diameters exhibited severe open pores due to the difficult processing of the
magnesium alloy. The relative material density was therefore lower than 99.5% in these
cases. In addition, the irregular pores were identified in the junction of the BCCZ cells where
the contour strategy resulted in sharp laser trajectories. The relative material density above
99.5% was achieved at diameters of 0.5 mm and 1 mm, but diameters of 2 mm and 3 mm
resulted in lower values. The second hypothesis was therefore not falsified.

Q3 Does the contour strategy improve the mechanical performance of the lattice structures
compared to the hatch strategy for WE43 magnesium alloy?

The contour strategy and the hatch strategy with skywriting achieved a relative material
density of over 99.1% and 99.5%, respectively. The compression test of BCC lattice
structures produced with the PBF-LB technology from the magnesium alloy WE 43 resulted
in an effective elastic modulus of 130 MPa for the contour and 136 MPa for the hatch
strategy with skywriting. Taking into account the actual diameter of the struts, the Young’s
modulus was determined from the FEA and the results of the compressive load. The contour
strategy achieved Young’s modulus of 15 GPa. The hatch strategy with skywriting achieved
Young’s modulus of 40 GPa. The main factors for the better performance of the hatch
strategy with skywriting were the fewer dangerous pores and the fine microstructure.
Skywriting reduced the dangerous pores that accumulated near the surface as well as the
pores in the nodes of the cells. The third hypothesis was therefore falsified.
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8.3 Other results

Software (RIV-R) — SLM Contour Strategy Checker 1.0

Functional specimen (RIV-G) — Intramedullary bone canal plug; Porous biodegradable
WE43 alloy implant

Functional specimen (RIV-G) — Intramedullary bone canal plug; Biodegradable WE43 alloy
implant with a bulk core and porous surface layer

Functional specimen (RIV-G) — Intramedullary bone canal plug; Biodegradable implant
made of bulky metal material

Functional specimen (RIV-G) — Additively manufactured aluminium alloy heat sink with
electrochemically smoothed surface
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