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Abstract

Laser powder bed fusion (L-PBF) is an additive manufacturing technology that allows producing complex and lightweight parts without the use
of specific tooling. However, some problems limit its use in mass production. So, it is necessary to exceed the limits related to industrialization.
In this study, the production rate was increased to produce AISil0Mg alloy components and to make the process comparable to conventional
casting systems. All the samples were manufactured with 90 pm layer thickness and 370 W laser power. The samples were observed to

the stereomicroscope and tensile testing was carried out.
© 2023 The Authors. Published by Elsevier B.V.
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1. Introduction

Additive manufacturing (AM) refers to techniques based
on adding material layer-by-layer to create the final part.
Compared to conventional techniques, AM is characterized by
greater freedom of design, which allows manufacturing parts
with complex geometries without the use of specific tooling
[1]. For this reason, additive techniques can offer both system
and product benefits. As earlier AM was used just for
prototyping and polymer parts, nowadays AM of metal
components is used for several applications such as in
automotive, electronics, aerospace and medical industries [2].
In conventional techniques, greater geometric complexity
leads to an increase in production time and cost due to a
greater number of process steps. The AM, on the other hand,
is not subject to an increase in cost related to the complexity
of the components and it could lead to a reduction in
manufacturing cost and process chain [3]. Furthermore,
among the advantages of AM that the industries can benefit
from, there is the ability to reduce the number of parts that
make up an assembled component and this implies further
reducing costs [4]. In this scenario, the aerospace sector found

2212-8271 © 2023 The Authors. Published by Elsevier B.V.

its major applications such as manufacturing propulsion
systems, structural components and fuel nozzles [2]. The
automotive industry is another one of the industrial sectors
interested in the applications of AM for metal parts: ever-
increasing customization required from customers and
reduction of vehicle weight are major objectives of the
automotive sector [3,5].

The following research focuses on laser powder bed fusion
(L-PBF), which is one of the AM techniques most used for
manufacturing metal parts. The L-PBF is a powder bed fusion
process that uses a laser beam as a heat source to selectively
melt powder layer-by-layer [6]. Aluminium components made
with the L-PBF technique are mostly used in the aerospace
and automotive sectors. The aluminium alloys that have
shown major processability are the Al-Si—-Mg cast alloys,
especially AlSil0Mg followed by AlSil2 [7]. Nowadays, the
L-PBF process is used at the industrial production level,
especially in sectors such as the dental industry or tooling
manufacturing, aimed at producing small-size batches. The L-
PBF systems offer high accuracy and resolution due to finer
layer thickness and relatively small powder size distribution
used in the process. However, these features are reflected in
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lower productivity and a slow building rate may be an
obstacle to the industrialization of the process [8—10]. To raise
the L-PBF technique efficiency, its build rate must be
significantly increased. Among all the factors that affect the
productivity and quality of L-PBF metal parts, the main
process parameters that bias the process-related build-up rate
V (Eq. 1) are layer thickness t [um], scanning speed v
[mm/s] and hatching distance h,; [mm] [10]:

V=t v~ hy (1)

So, a trade-off between quality and productivity is
necessary to reach to introduce the L-PBF systems into mass
production [11]. To deal with this problem, several solutions
were developed and introduced such as increasing the build
volume of the machines or using multiple laser beams sources
and different laser-scanning systems in one machine. All these
solutions have resulted in developing and implementing more
expensive L-PBF systems [8]. In literature, some studies were
made on what is called High Power Selective Laser Melting
(HP-SLM), whereby were used sources laser up to 1000 W
and scanning speed over 2000 mm/s, using also different
scanning strategies for the internal areas (with a layer
thickness up to 200 um) and the contour (with a layer
thickness up to 50 pm to get better surface roughness) [9]. In
another research, the hull-bulk scanning strategy was
implemented to increase the L-PBF systems productivity: a 90
pm layer thickness was used for the internal areas of Ti6Al4V
parts, to decrease the build time, while a 30 pm layer
thickness was used for the skin to get better surface roughness
and accuracy [8]. Zavala-Arredondo et al. [12] have studied
the densification mechanisms of HP (1 kW) L-PBF systems of
AlSilOMg alloy changing the process parameters.
Specifically, two builds were carried out with two different
values of layer thickness, 50 um and 100 pm, and a fixed
value of laser power of 967 W. The L-PBF process must still
overcome some challenges to meet the demands of a
production reality. The novelty of this research consists in an
increase of the L-PBF systems productivity keeping high the
density and the mechanical properties of AlSilOMg parts,
without adapting machines with expensive solutions and using
low values of laser power and high values of layer thickness.
So, this study investigates the effect of the main process
parameters, laser power, layer thickness, scanning speed and
hatching distance, to obtain an increase in the build-up rate
and to manufacture dense final parts. Furthermore,
considering that the design of lightweight components often
requires thin walls, two different types of tensile samples have
been constructed and tested to have more information on the
mechanical characteristics.

2. Material and method
2.1. Material and equipment
A gas-atomized AlSilOMg powder, supplied by EOS

GmbH German company, was used to produce the samples.
The chemical composition of the powder complies with

standard EN AC — 43000 [13]. Samples were produced by
EOS M290 laser powder bed fusion system. The machine is
equipped with a 400 W Yb fibre laser with a focus diameter
of 100 pm. The processing chamber was flooded with argon
to hold the oxygen content below 0.01% during the complete
processing time. The scanning strategy patented by the EOS
GmbH company was used in the whole study: standard stripes
filled with scanning lines rotated by 67° between consecutive
layers. During the work, the pre-heating temperature of the
building platform was set at 200 °C.

2.2. Design of Experiments and sample processing

The design of experiments (DOE) method [14] was used to
determine the effects of some parameters such as laser power,
layer thickness, scanning speed and hatching distance on the
density of the final parts. The laser power and layer thickness
were kept fixed to 370 W and 90 um, respectively, while the
scanning speed and the hatching distance were changed
(Table 1): the scanning speed ranging from 800 mm/s to 1700
mm/s, while the hatching distance ranging from 0.09 mm to
0.16 mm. A total of 32 cubic samples of 15 mm side with 32
combinations of these parameters were manufactured. After
removing the building platform from the process chamber, the
samples were cut from the building platform along the
direction parallel to the xy-plane. Shot blasting surface
treatment with glass microspheres was executed to clean the
surface of samples of the unmelted powder.

Table 1. L-PBF process parameters used to manufacture the cubic samples.

Processing parameters Value or range

Laser power [W] 370

Layer thickness [pm] 90

Scanning speed [mm/s] 800 — 1700

Hatching distance [mm] 0.09-0.16

Scanning strategy Stripes rotated by 67°
Platform temperature [°C] 200

2.3. Cubic samples characterization

The relative densities of the samples were measured by
Archimedes’ principle with an analytical balance, KERN ABJ
320-4NM accurate to £ 0.1 mg. Each cubic sample was
measured three times and then an average value of
measurements was calculated. All measurements were carried
out in distilled water and the influence of the temperature on
fluid density was taken into account. Based on Archimedes’
test results, some samples were selected to be analyzed by a
stereomicroscope, LEICA S9i equipped with an integrated 10
MP camera. Therefore, a polishing operation was carried out
with the MINITECH 250 SP1- PRESI manual polishing
machine. After polishing treatment, the cubic samples were
observed with the stereomicroscope to assess their internal
porosity.
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2.4. Tensile specimens characterization

The geometrical dimensions of tensile specimens and the
test method were designed according to EN ISO 6892-1:2019
[15]. Therefore, uniaxial tensile tests were carried out, using
an extensometer, with the universal testing machine 3MZ
TENSILE model (EASYDUR) using a 10 tonnes loading cell
at a strain rate of 1.5 mm/min to evaluate the mechanical
properties of the material. The tensile specimens were
manufactured with the combinations of scanning speed and
hatching distance which have shown the best trade-off
between the level of densification and the build-up rate
previously determined and with both circular and rectangular
sections. Specifically, the circular tensile specimens (Figure
la) were obtained by turning cylindrical specimens
constructed along the building direction (z-axis); instead, the
flat test pieces were built both along the building direction (z-
axis) and the direction parallel to the xy-plane and cut with
wire-electrical discharge machining to the shape in Figure 1b
according to the standard. It was decided to manufacture the
specimens in this way to avoid the removal of support
structures ruining one of the surfaces of the specimens. The
mechanical properties results are the average of 5 replicas.
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Fig. 1. (a) Circular and (b) dog-bone tensile specimens.
3. Results and discussion
3.1. Cubic samples characterization

Table 2 shows L-PBF process parameters used for
manufacturing cubic samples. Values of energy density,
building rate and results of density measurements are reported
also. The relative density of samples was calculated using a
value of theoretical density of 2.67 g/cm’. The tested
combinations of process parameters have led to values of
energy density ranging from 15 J/mm? to 57 J/mm? and values
of building rate ranging from 23.3 cm?h to 88 cm’/h. It was
already demonstrated that density is a factor influencing the
mechanical properties of the L-PBF products [16]. Low
values of energy density (< 21 J/mm?) result in a low level of
densification. Then, the percentage of densification increases

with an increase in the values of energy density. It is probably
due to the sufficient energy to melt the substrate. Further
increasing the values of energy density the level of
densification returns to decrease. The high energy density
may cause the keyhole formation that results in the
vaporization of low melting elements. Therefore, the reported
data in Table 2 confirm the data found in the literature related
to lower powder layers thickness [17,18].

Table 2. L-PBF process parameters and relative density measurements of all
cubic samples.

Sample  Laser Layer Scanning  Hatching  Energy Building  Relative
1o, power  thickness  speed distance density rate Density
[W] [um] [mm/s] [mm] [J/fmm®]  [em¥/h] [%]

1 370 90 1300 0.11 28.75 46.3 97.99
2 370 90 900 0.09 50.75 26.2 96.70
3 370 90 1400 0.09 32.63 40.8 98.09
4 370 90 800 0.09 57.10 233 96.18
5 370 90 1400 0.09 32.63 40.8 98.38
6 370 90 1300 0.11 28.75 46.3 98.24
7 370 90 1300 0.12 26.35 50.5 98.48
8 370 90 1400 0.12 24.47 54.4 98.50
9 370 90 900 0.13 35.14 37.9 97.13
10 370 90 1400 0.13 22.59 59.0 99.26
11 370 90 1300 0.12 26.35 50.5 98.42
12 370 90 1300 0.12 26.35 50.5 98.53
13 370 90 900 0.11 41.53 32.1 97.64
14 370 90 1400 0.12 24.47 54.4 98.56
15 370 90 1300 0.11 28.75 46.3 98.58
16 370 90 1400 0.09 32.63 40.8 98.58
17 370 90 1400 0.13 22.59 59.0 99.17
18 370 90 1400 0.13 22.59 59.0 99.13
19 370 90 1300 0.13 24.33 54.8 98.66
20 370 90 1300 0.13 24.33 54.8 98.62
21 370 90 1300 0.13 24.33 54.8 98.62
22 370 90 1700 0.16 15.11 88.1 94.74
23 370 90 1400 0.14 20.98 63.5 99.05
24 370 90 1700 0.12 20.15 66.1 98.28
25 370 90 1100 0.16 23.36 57.0 98.0
26 370 90 1700 0.12 20.15 66.1 98.14
27 370 90 1100 0.12 31.14 42.8 97.5
28 370 90 1100 0.12 31.14 42.8 98.0
29 370 90 1700 0.16 15.11 88.1 96.83
30 370 90 1400 0.14 20.98 63.5 99.15
31 370 90 1400 0.14 20.98 63.5 99.06
32 370 90 1100 0.16 23.36 57.0 98.25
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Fig. 2. Effects of changing the scanning speed and the hatching distance on the porosity. Stereomicroscopic images at
10x magnification are shown for analyzed cubic samples.

Five samples (Nos. 2, 10, 22, 23 and 24) were chosen for
further analysis to better understand the correlation between
process parameters and porosity. It was already demonstrated
the increase in porosity by increasing the hatching distance
and keeping fixed the laser power and the scanning speed
[19]. Figure 2 confirms this trend: looking at couples of
samples 10 — 23 and 24 — 22 with both medium and high
scanning speed values it is possible to see that increasing the
hatching distance increased porosity. Probably, gaps between
scan tracks have formed due to the lack of sufficient overlap
between intra-layer melt pools [17]. This insufficient overlap
due to a determined combination of scanning speed and
hatching distance values can lead not only to the presence of
pores on the xy-plane but also to problems along the z-axis
due to the size of the layer thickness. Furthermore, a big layer
thickness may cause an incorrect fusion, as well as the
porosity, which may lead to a weaker bonding between the
deposited layers. It is known that the use of high values of
hatching distance, scanning speed and layer thickness results
in a faster production rate, but it is necessary to ensure the
intra-layer and the inter-layer overlaps of the melt pools to
obtain dense final components. So, a trade-off between the
energy density and the manufacturing rate must be found [19].
According to the aforesaid results, the two combinations of
process parameters that ensure both a good level of
densification of the final parts (> 99 %) and a faster
production rate are characterized by medium values of the
scanning speed and the hatching distance in the investigated
ranges. In particular, the parameters of sample 23, hereinafter
referred to as P1, led to a build-up rate value of 63.5 cm?/h,
while the parameters of sample 10, hereinafter referred to as
P2, led to a build-up rate of 59 cm’/h. Therefore, the
productivity of the process with these combinations of
parameters was compared to other studies found in the
literature (Table 3). It was noted that compared to studies in
the literature in this work an increase in efficiency of the
process up to about 64 cm>/h was reached which is attractive

to enter these technologies into mass production without
reducing the relative density and mechanical characteristics of
the parts. So, it is proven that the key to improving the
efficiency of the process and producing large scale metal parts
is increasing the layer thickness. Table 3 shows also a work in
which a layer thickness of 100 um was used to produce
AlSilOMg components, but lower values of scanning speed
were needed to ensure high values of density and mechanical
performances [20].

Table 3. Literature data of the productivity of L-PBF-process to manufacture
AlSi10Mg parts.

Machine  Layer Laser  Scanning Hatching Building Ref.
used thickness power speed distance  rate

(um] (W] [mm/s]  [mm] [em*/h]
EOS 30 340- 1300 0.19-0.2 Upto28 [25],[27]
M290 390
EOS 40 300- 1000- 0.13- Up to [24],[26]
M290 370 1300 0.19 35.6
Other 50 350- 930- 0.105- Up to [28-34]
suppliers 370 1650 0.19 47.4
Other 100 350 900 0.12 389 [35]
suppliers

3.2. Tensile specimens characterization

The mechanical properties examined were the yield
strength (YS), the ultimate tensile strength (UTS) and the
elongation at break. The tensile specimens were fabricated
with the optimal combinations of scanning speed and hatching
distance previously determined and called P1 and P2, with a
bigger and a smaller value of hatching distance respectively.
Table 4 shows a summary of specimens’ geometry and
conditions for mechanical testing.
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Table 4. Geometry and conditions of the specimens investigated during the
tensile test.

Parameters Conditions of manufacturing
Cross- Production Treatment  Building  No. Def.
section direction  replicas
P1 Circular Machined Shot Z-axis 5 P1-C-Z
blasting
Rectangular  As-built z-axis 5 PI1-R-Z
Rectangular  As-built xy-plane 5 P1-R-XY
P2 Circular Machined Shot Z-axis 5 P2-C-Z
blasting
Rectangular  As-built z-axis 5 P2-R-Z
Rectangular  As-built xy-plane 5 P2-R-XY

Figure 3 shows the tensile results of all specimens
investigated compared with reference values of mechanical
performances of the same die-cast alloy internally collected. It
is noted that all results show good reproducibility with low
values of standard deviation. The mechanical properties of
specimens are better or at the most comparable with
specimens produced by conventional techniques, as already
noted in the literature [17,32-35]. Specifically, all the
specimens show very high values of YS and UTS in
comparison with conventional processes. Furthermore, the
standard deviation values of the machined samples are lower
than in all the as-fabricated conditions. The machined
conditions show values of elongation at break up to 10-12%
higher than the casting conditions with lower deviations
between specimens compared to as-built specimens. These
lower values of standard deviation may be due to the
reduction of surface defects in machined samples [34]. For the
as-built conditions, the values of elongation at break increase
or remain almost similar to the casting values on the xy-plane,
while decrease along the z-axis, as observed in the literature
[17,35]. It also analyzed the difference between the specimens
manufactured in the horizontal direction (on the xy-plane) and
vertical direction (along the z-axis). The main differences
found in the properties are the major values of the stress and
the eclongation at break for all horizontal conditions. It
confirms firstly the anisotropy of L-PBF-printed samples due
to a directional solidification during the process [32]. In
addition, it may be due to the pores in the horizontal
specimens being grown in the direction of the load
application, while in the vertical specimens the pores are
perpendicular to the loading direction and the cross-section
decreases leading to earlier collapse during the tensile test
[34]. Indeed, it is noted that the horizontal direction is
characterized by a better bonding between the layers and the
vertical direction is weaker for L-PBF manufacturing [32,35].
One of the major advantages of additive manufacturing is to
be able to produce structures porous and thin-walled parts, an
example of what is called minimum feature sizes. Thin walls
are most common in aerospace, automotive, aviation,
electronics and railway sectors in which lightweight,
corrosion resistance, high specific strength, ergonomics and
high functionality are the crucial aspects [6,36,37]. Therefore,
the rectangular cross-section specimens (P1-R and P2-R) were
considered thin-walled parts and their mechanical behaviour
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was compared to other tensile specimens. Firstly, it is noted
that the stress behaviour of these specimens is better than that
of the parts conventionally produced (Figure 3). It was
because the specimens were manufactured with the optimal
process parameters that ensure a high level of densification
and less internal porosity [37]. By observing the values of
UTS, it can see that the values of the thin-walled samples are
slightly less compared to the bulk specimens (P1-C and P2-
C), with values on the xy-plane slightly greater than the
values along the z-axis. Instead, the values of YS for the
horizontal thin-walled specimens are also higher than the
corresponding values for the bulk specimens. The trend of the
values of elongation at break is almost random but their
average value is closed to that of casting alloy. On balance, it
can be seen that the mechanical behaviour of the thin walls is
good compared to the conventionally produced parts and also
to the bulk specimens.
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Fig. 3. Mechanical properties of L-PBF-produced AlSil0Mg tensile
specimens under different conditions, compared to die-cast AISil0Mg alloy.

4. Conclusion

This research work aimed at enhancing the efficiency of
the L-PBF process without changing machines with expensive
solutions or devices and decreasing densities and mechanical
features of the AISil0Mg final components. Values of relative
density > 99% have been achieved with mechanical
performances comparable to those of components produced
with traditional casting processes. Specifically, higher values
of yield strength and ultimate tensile strength were achieved.
The combinations of scanning speed and hatching distance
found proved to be successful in obtaining a reduction in
production times without losing the quality and performance
characteristics of the material.
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