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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 during the building process.
However, despite continuous developments, some problems limit its use in series production. To
introduce these systems in mass production, it is necessary to solve the problems and exceed the
limits related to the requirements of industrialization: higher productivity, less material consumption,
less over-production, and less waste, greater stability of the process, and higher quality of the final
components. In this study, good practices to reduce resource consumption are presented. The
production rate of the L-PBF technique was increased to produce AlSi10Mg alloy components. All
the samples were manufactured with 90 um layer thickness increasing productivity by approximately
65%. A design of experiments (DOE) method was used to analyze the effect of process parameters
on the densification percentage. The produced samples were observed with a non-destructive process,
the X-ray computed tomography system, to detect the presence of defects and pores. It has been found
that a combination of parameters can induce porosities with a morphology such that after stress
relieving the density increases rather than decreases as has been widely discussed in the literature.
The mechanical properties are comparable with the literature values for conventional technologies.
Good values of as-built surface roughness were also achieved despite the layer thickness.

Keywords: laser powder bed fusion; aluminum alloy; additive manufacturing; CT-scan;
productivity; sustainability

1. Introduction

The laser powder bed fusion (L-PBF) process, also known as the selective laser melting (SLM)
process, is one of the additive manufacturing (AM) techniques most used for near-net-shape
components in the aerospace, robotics and automotive sectors [1-3]. The L-PBF process is a powder
bed fusion technique that uses a laser beam as a heat source to selectively melt powder layer-by-layer
[4, 5]. To date, two of the most important barriers to more widespread L-PBF in a small- and medium-
sized companies (SME) environment are the high investment cost and the comparison with
conventional technologies: cost of machines, re-design of components, raw materials, production,
and post-processing [6]. Although the L-PBF technique allows producing complex metal parts with
high accuracy and resolution due to finer layer thickness (typically 20 um - 40 um) and relatively
small powder size distribution, layer-by-layer wise manufacturing is characterized by a slow build
rate that further increases per-part cost and encourages applications in sectors where the production
volumes are small and the high cost is not an important factor [7, 8].



To increase productivity and reduce building time, different solutions have been implemented by
machine suppliers. The use of multiple laser beam sources allows for working on different areas
simultaneously decreasing the exposure time [8-10]. The use of multi-lasers with different beam
diameters is a recent method used to process particular samples which are required different levels of
accuracy [10, 11]. It was proposed to use a laser beam with a higher power to melt more material.
Double recoating, automated powder sieving systems, multi-powder hoppers, and bigger chamber
volumes are other solutions implemented to reduce the manufacturing time. However, these
modifications need increasingly expensive solutions leading to a higher total cost of machines,
unsustainable for SMEs that could prefer to rely on an external supplier. Furthermore, many options
have still issues that have to be overcome for mass production [8, 10, 12]. For this scope, a more
practical strategy to increase productivity and reduce cost is needed, such as modifying process
parameters and using particular measures during manufacturing which are the aims of this study.

2. Sustainability of the L-PBF process

In the literature, several studies face sustainability issues regarding the L-PBF process in terms of
energy consumption [13, 14]. In this analysis, the entire process chain has been divided into three
different phases and a distinction between time and cost was made among the sources of consumption
(Fig. 1). In this way, a real perception of the resources implied in the process it is given to SMEs to
better identify the critical points of the entire building process and methods to overcome them.
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Fig. 1 The process chain of an L-PBF part with time and cost analysis

The phase of pre-processing is the first of the L-PBF process chain and data preparation, machine
set-up, and chamber inertization are carried out. The data preparation begins with the exportation of
a 3D CAD file in an STL format. Then, this file is repaired with suitable software and the
manipulation of the file is carried out to optimize the orientation of the part and the support structures.
The process parameters are assigned and therefore the slicing data (2D cross-sections) are obtained
[15-18]. The machine set-up includes all actions by the operator to prepare the building process, such
as pouring the un-melted powder into the dispenser, providing the recoating system with a suitable
blade, pre-heating and aligning the building platform to allow a correct deposition of the powder
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during the job. These two steps require variable time according to the complexity and height of the
parts and the experience of the engineer and the operator. Finally, the inertization of the building
chamber is required to avoid the oxidation and mechanical degradation of the components [14, 16].
The time needed for this step is fixed and not influenced by any factors. All these operations imply
the consumption of resources that impacts on costing aspect: the man hours, the metal powder, the
recoating blades, and the inert gas.

The powders used in the L-PBF process are usually produced by gas atomization to have a spherical
shape and this involves high costs. The characteristics of the powders play a fundamental role in the
quality of the final product. It has been shown that consistency and sphericity are important
characteristics for having uniformity in the powder bed [19]. Although it is necessary to fill the entire
build volume to the height of the tallest object to be produced, much of the dust is not directly exposed
by the laser beam to produce the part itself. Therefore, reusing residual unfused powder allows
companies to save money, reduce environmental impact, minimizing material waste. In addition, for
industrial manufacturers, the ability to recover metal powders as many times as possible while
maintaining compliance and manufacturing standards is a critical point. Although production is
mainly conducted at room temperature in L-PBF, the powder can be degraded due to platform heating
between 100 and 200 °C, oxidation of the powder (handling of the powder or during AM treatment
in the chamber), and the formation of spatters during the process.

In many machines, there is the possibility to use two different recoater system types, hard or soft
blades. Hard blades can be in high-speed steel (standard solution introduced by German company
EOS GmbH) or in ceramic for magnetizable metals. Among the soft recoaters, there are carbon fiber
brushs, and rubber or silicone blades. Many machine builders have introduced the soft blade due to
the need to avoid interruptions during the process and thus complete the machining which is one of
the main problems in using a steel blade. The hard blade assures a consistent layer thickness, high
packing density to the powder bed, high precision, and less wear during construction. However, due
to a non-optimal orientation of the workpiece, unsuitable process parameters, or failure of the
supporting structures, the steel blade can jam leading to blocking of the machining or even violent
detachment of the workpiece from the platform. This cannot happen with the soft blade because the
blade tends to cut itself but not get stuck, completing the process. While it can help to complete a
process that is not free from defects, on the other hand, it needs to be changed with each process thus
creating waste material. Although the cost of a hard recoater is higher than it of a soft, the longer
lifetime and the reduced needed maintenance make hard blades more cost-effective. The steel blades
can be reused several times and reworked to restore the wire. However, this type of blade requires
sensors on the recoating arm that can sense changes in force and stop over time before problems can
arise. The insertion of these sensors is therefore an additional cost.

The building phase is the main process in which layer-by-layer the laser selectively melts the metal
powder on a substrate plate. It is clear that the time consumed for the building is divided into primary
and auxiliary times: the former is the actual exposure time and the latter is the time required for the
movement of the axes, such as the lowering of the platforms and the deposition of the powder [20].
Both times depend on the process parameters. The costs are related to the consumption of inert gas
that allows for maintaining a controlled-oxygen atmosphere for the entire building process and the
actual energy consumption of the machine. Therefore, these costs vary according to the process
parameters.



The post-process includes all operations allow to obtain end-use components: cleaning and removing
the building platform from the working chamber, heat treatment due to internally-induced thermal
stresses, removing of support structures, secondary thermic treatments, and shot-blasting to smooth
the surface and preparing components for additional surface machining [14, 15, 17]. The particular
structural characteristics that can derive from an alloy processed using L-PBF influence its
machinability and surface quality [21]. All these operations can lead to an increase in time and cost
for companies, so it is worth adopting correct measures to try to enhance the economic sustainability
of the process.

3. Optimization of the process parameters

Due to the complexity of the laser powder bed melting process, the manufacturers of the L-PBF
machines have developed sets of optimized processing conditions for each material. These include
both machine settings which are generally not changed and process parameters which can be changed.
There are over 200 processing parameters, among which the most commonly considered at the
research level include laser power, layer thickness, laser scan speed, the distance between successive
laser passes (also known as hatching distance), and scanning strategies (laser scanning pattern on
each layer). The L-PBF exposure strategy is shown in Fig. 2. Generally, the hatch-contour (Fig. 2b4
and 2c) exposure strategy is used in which the contour parameters are optimized for quality and
precision, and the core (hatch or in-skin) parameters are optimized for density. The core parameters
assume different values if this represents the down-skin or up-skin layer: in the first case they are
optimized to make the part adhere to the supports or build platform, while in the second to improve
the roughness. However, depending on the geometry, in some areas, these parameters can overlap
(Fig. 2a).
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Fig. 2 Schematic depiction of the (a) L-PBF process and (b) exposure strategies of section A-A: (1) single
track, (2) contour exposure, (3) hatch exposure, and (4) hatch-contour exposure. () Exposure strategy: o is
hatch angle rotation




Optimized parameters are empirically derived to generally produce dense materials, minimize defects,
reduce surface roughness, increase build rate, and produce parts with acceptable material properties.
Due to the freedom of design of AM technologies and the diffusion of software systems for a
generative design that allows for high geometric variations for the design of a component, it is not
possible to have a set of parameters that will be fully optimized for all the characteristics of the parts
(thin walls, thick sections, overhangs or others), material performance and process productivity. As
a result, general parameter sets are developed to meet identified priorities and build possible
geometries. Therefore, to identify the optimal parameters, one of the metrics commonly used is
energy density. This is calculated based on a linear, areal, or volumetric approach with the volumetric
being the most commonly used in the literature. The volumetric energy density (Eq) is defined by the
laser power (P), scan speed (v), hatching distance (hq), and layer thickness (t) as described in Eq.(1):

P

o mm] @)

Ed:

The building rate is usually defined by the divisor factor in Eq. (1) [22, 23] and the main focus of this
research is to achieve high build speeds by increasing the layer thickness. From Fig. 1 it is evident
that increasing the layer thickness leads to a reduction of both times primary and auxiliary: due to
fewer 2D cross-sections to be carried out the exposure time, recoating, and lowering platforms times
decrease. The entire building time decreases. Consequently, the amount of inert gas to keep the
oxygen level under a specific value and the energy consumption of the machine is reduced.

A case study on productivity optimization for the AlSi10Mg alloy is presented. The processing of
aluminum alloys with L-PBF systems suffers from problems related to high reflectivity and thermal
conductivity, and a strong tendency to oxidation [24]. The aluminum alloys that have shown major
processability are the Al-Si—-Mg cast alloys, especially AlSil0Mg followed by AISi12 [20]. For
AlSi10Mg alloy, layer thickness values from 40 um to 100 um were studied by analyzing various
effects on the parts produced. Wang et al. [25] have explored the formation mechanisms and
characteristics of porosity in AISi10Mg components produced with a layer thickness of 40 um and
80 um. The lowest amount of pores was achieved with a layer thickness of 40 um. Parveen et al. [26]
investigate two different layer thicknesses such as 30 um and 60 um to evaluate layer thickness
effects on microstructure and mechanical properties of the AlSi10Mg alloy samples produced by L-
PBF. While the specimens exhibited similar tensile strength highlighting the possibility of increasing
the layer thickness, the tensile properties of the 30 um layer thickness samples were found to be better
than the 60 um layer thickness samples, plausibly due to low porosity, extremely fine microstructure,
and improved surface morphology. Zavala-Arredondo et al. [22] have studied the densification
mechanisms of high power (1 kW) L-PBF systems of AISilOMg alloy changing the process
parameters. Characteristics of samples produced with a range of laser energy sufficient to process a
layer thickness of 100 pum showed that thicker layers of AISi10Mg alloy may require less laser energy
than expected due to the typical properties of aluminum [22]. Depending on the thickness of the
aluminum layer used in the L-PBF process, different oxygen contents can develop during the
construction phase. Dadbakhsh and Hao [27] observed that a layer thickness of less than 50 um in the
aluminum alloy can develop higher amounts of oxide content than a layer of 75 pm. Thicker layers
reduce oxygen by increasing the temperature and stirring within the melt pool. Therefore, lower laser
energy may be required in the thicker layers as these reduce cooling rates, increase exothermic
reaction and produce larger melt pools [27]. Layer thickness is therefore a fundamental parameter
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that defines energy input requirements. Starting from the information obtained from the literature, in
this study to achieve the set goal, laser power, and layer thickness were kept fixed to 370 W and 90
pm, while scanning speed and hatching distance were changed to obtain an optimal combination of
parameters. To detect the quality obtained in terms of internal defects of the samples, X-ray 3D
computed tomography (CT) was used. This technique is one of the non-destructive methods which
allows to carry out of the aforementioned analysis [28, 29]: the samples aren’t polished or grinded
and so time and manual operations are saved [30].

4. Material and Methods
4.1 Material and equipment

A gas-atomized AlISi1OMg powder was used to produce the samples. The chemical composition of
the powder (Table 1) complied with standard EN AC — 43000.

Elements Al Si Fe Cu Mn Mg Ni Zn Pb Sn Ti
Wt.% balance 9.0-11.0 <055 <0.05 <045 0.25-045 <0.05 <0.10 <0.05 <0.05 <0.15

Table 1 Chemical composition of AlSi10Mg powders.

The degradation of the powder makes reusability a challenging aspect particularly for AISi10Mg as
Al and Mg are highly reactive elements [31]. The powder exhibits some degree of variation in particle
size and morphology after reuse. Generally, there is an increase in powder due to agglomeration
which leads to an increase in the average size of particles and the number of satellites. At the same
time, the number of fine (dimensionally smaller) particles decreases during continuous reuse, thus
leading to a tighter particle size distribution. L-PBF requires particles in a narrow size range of 15—
80 um. Particles smaller than the lower limit typically show poor flowability when distributed by the
blade over a previously deposited layer. On the other hand, particles with dimensions greater than the
layer thickness (typically between 60 um and 100 um for a layer thickness of 30 um and 50 pm
respectively) are undesirable as they interfere with the powder diffusion process. Cordova et al. [32]
showed that the material with the greatest variability concerning the particle size distribution,
morphology, chemical composition, and flowability between Inconel 718, Ti6Al4V, AlSi10Mg, and
Scalmalloy was AlSil0Mg after six reuse cycles. Maamoun et al. [33] studied the effect of reusing
AlSi10Mg in 18 build cycles. The reused powder did not show apparent differences in the properties
in comparison with the virgin powder. The morphology of reused particles was, however, slightly
more elongated. A statistical study by Del Re et al. [34] of reusing AlISi10Mg throughout 8 build
cycles revealed a systematic decrease of 10 MPa in the yield strength and UTS and a decrease from
160 to 145 MPa in the high cycle fatigue after eight cycles of reuse. However, reuse did not change
the elongation at break and the surface quality of the produced specimens. The AISi10Mg powder in
this study was recovered for 8 cycles using an 83 um mesh sieve without compromising mechanical
properties and surface roughness (Figure 3). At each sieving, on 10 kg of powder, there was less than
1% waste due to the effects of spattering.



Fig. 3 SEM image of the (a) new and (b) recycled powder

Samples were produced by Print Sharp M250 laser powder bed fusion system. The machine is
equipped with a 500 W Yb fibre laser with a focus diameter of 70-100 um. The processing chamber
was flooded with argon using a flow rate of 7 I/min and a gas flow speed of 1.43 m/s to hold the
oxygen content below 0.1% during the complete processing time. To reduce residual stress and
anisotropy a rotating stripes scan strategy with a rotation angle of 67° in each layer is used for the
developed parameter set. To improve the thermal conductivity and the melting of the powder layer,
the pre-heating temperature of the build platform was increased up to 100 °C. The recoating systems
tested in this work included a metal blade made of SS316L and a silicon blade. The machine has been
designed to use only the silicone blade. It was therefore necessary to design a special steel blade to
be inserted into the blade holder. Thanks to the blade design, mechanical vibrations are improved.
During the experiments, it was noticed that without the necessary changes to the shape of the blade
compared to the silicone one, the blade did not remain stable due to the vibrations due to the
mechanical movement and how the recoater arm is designed which leaves a slight movement to the
blade, generating surface ripples in the regions of the powder layer.

Norblast SD9 shot peening machine was used with glass microspheres at 6 bar in order to analyze the
effect on the surface of the samples with and without re-melting.

4.2 Design of experiments and sample processing

Full factorial design of experiments (DOE) was used for 2 factors, scanning speed and hatching
distance, with four levels to determine the relationship between factors affecting a process and the
output of that process (Table 2).

A total of 48 cubic samples of 15 mm side were manufactured. After removing the build platform
from the process chamber, the samples were cut from the build platform along the direction parallel
to the xy-plane. An ultrasonic bath was used to remove the incompletely fused particles.

The same process parameters were used for the down-, in-, and up-skin in order to evaluate not only
the density but also the surface roughness that these combinations of parameters generate. In this way,
it is possible to define both the optimal parameters for density and also those for roughness. Two
cases were considered for the up-skin: with (named case 1) and without (named case 2) re-melting.
From various studies conducted [35-37], it has emerged that re-melting can significantly reduce
surface roughness and defects. For the contour, the process parameters were selected considering
linear energy (EL= P/v-t [J/mm]). This value must be similar to that of the energy inside the core
(down-, in-, or up-skin) in order to avoid melting problems in the overlapping areas.



Variable parameters Fixed parameters Value

Layer thickness [um] 90
Platform temperature [°C] 100
Laser beam [um] 100
Laser power [W] 370
Scanning strategy Stripes, rotated by 67°
Down-, in- and up-skin Scanning speed [mm/s] 800, 900, 1300, 1400
’ Hatching distance [mm] 0.09,0.11,0.12,0.13
Contour Laser power [W] 290, 340
Scanning speed [mm/s] 700, 750, 1200, 1300
Build rate [mm®/s] 6.48 - 16.38

Table 2 DOE parameters definition. Number of replications: 3

4.3 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 the
air and 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 CT machine (GE
Phoenix vitome|x s). The process parameters used for the scans were a voltage of 220 kV, a current
of 160 pA, and a voxel size of 26.014 um. The analyses were performed using the VGStudio Max
3.4 software. The software integrates specifications according to the BDG Reference Sheet P203 for
the porosity analysis in slice images. The L-PBF process, depending on the process parameters and
the quality of the raw powder, provides a specific porosity in the part. It is almost impossible to
produce parts without internal pores. Spierings et al. [38] compared three techniques for detecting the
density of metal components produced using L-PBF technology: Archimedes’ method, microscopic
analysis, and X-ray scanning. Based on these investigations, Archimedes’ method allows for
measuring the density of a piece in an easy, fast, and economical way. However, this method does
not allow to have an idea about the three-dimensional arrangement of the internal pores. This is
possible to obtain it in a non-destructive way only through CT. For this reason, wanting to analyze
the effect of stress-relieving on the shape and size of the pores, an analysis of the samples with higher
density was carried out both before and after the stress-relieving (SR). The high thermal gradients
that occur during the manufacturing process also induce the accumulation of high residual stresses.
To reduce these stresses before removing the component from the build platform, an SR treatment at
300 °C for 2 hours is commonly performed.

The surface roughness on the top surface and contour of as-built samples was measured with the use
of RTP80 roughness tester by SM Metrology Systems to obtain the values of roughness average, Ra,
and the average maximum height of the profile, R;. The measurement distance was 4.8 mm and a 0.8
mm cut-off filter was used. The parameters chosen have been shown in the literature [39, 40] to be
optimal for representing the surface of the L-PBF process. On each surface, three measurements were
taken and the arithmetic mean of the measurements was used. A stereomicroscope, LEICA S9i
equipped with an integrated 10 MP camera, was used to analyse the surface topography.



4.4 Tensile test

The tensile specimens and the test method were designed according to EN 1SO 6892-1:2019 [41] (Fig.
4a). Uniaxial tensile tests were carried out, using an extensometer, with the 3MZ TENSILE model
(EASYDUR) universal testing machine using a 10 tonnes load cell at a strain rate of 0.9 mm/min.
Nine tensile specimens were manufactured in different positions on the build platform (Fig. 4b) with
the combinations of scanning speed and hatching distance which have shown the best trade-off
between the density and the build rate. The samples were divided into zones in order to verify the
reproducibility of the data regardless of the position of the specimens on the platform. This, therefore,
allows for verifying the goodness of the machine system for production purposes. A further reduction
of the construction area, and therefore of the volume, would imply an effect on the production time.
The tensile specimens were constructed only along the z-axis as it represents the worst condition [42,
43].
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Fig. 4 (a) Geometrical dimension of the tensile specimens; (b) position of the specimens on the build platform:
zone 1 (violet), zone 2 (yellow), and zone 3 (red)

5. Results and discussion

5.1 Density

The tested combinations of process parameters have led to values of energy density ranging from
22.59 J/mm?3 to 57.10 J/mm?®. Looking at Fig. 5, it is possible to notice an increase in density with
increasing scanning speed and hatching distance (Fig. 5a) in correspondence with an increase in build
rate and decrease in energy density (Fig. 5b).
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Fig. 5 Three-dimensional scatterplot of density: (a) density vs scanning speed and hatching distance; (b)
density vs build rate and energy density



Furthermore, it is possible to see the presence of two identical production values (10.53 mm®/s) which,
however, correspond to different density values. Various studies have highlighted the limits of the
energy density and how its simplified formula is not able to uniquely identify a result and therefore a
window of realistic process parameters [4, 20, 44-46]. This can also be extended to the formula used
for productivity calculation. Since the build rate is the denominator of the energy density, it is clear
to understand how as the first increases, the second decreases. There is therefore such a limit that it
is not possible to increase productivity too much without compromising the characteristics of the
components produced [47].

Analyzing the effects of the two parameters through the analysis of variance (ANOVA), it appears,
as known in the literature [48, 49], that both parameters have a high effect on density (Table 3).

Source DF Adj SS AdjMS  F-value p-value
Model 15  75.3596 5.0240 174.90 0.000
Linear 65.0729  10.8455 377.56  0.000

6
v 3 61.3605 20.4535 712.04  0.000
hq 3 3.7124 1.2375 43.08 0.000

2-Way Interactions 9 10.2868 1.1430 39.79 0.000

9

v*hq 10.2868 1.1430 39.79 0.000
Error 32 0.9192 0.0287
Total 47 76.2788

Table 3 ANOVA of the density. R?>=98.79%, R*(adj)=98.23%

However, what emerges from the plots in Fig. 6 is that scanning speed has a more pronounced effect
than the hatching distance. The interaction analysis shows that regardless of the hatching distance
value, increasing the scanning speed from 900 mm/s to 1300 mm/s allows for a rapid increase in
density. After this scanning speed value, the density does not tend to increase. Samples with high
density and related parameters are shown in Table 4.

Scanning speed [mm/s] | Hatching distance [mm] 9.5 Scanming speed * Hatching distance Hatching
99.0 : distance
_ — 99.0 [mm]
= 9 —e 0.09
= 98.5 = 98.5 47 011
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% 975 % 97.0
S S 965
97.0 96.0
96.6 95.5{ ¢ ‘ | |
800 900 1300 1400 0.09 0.11 0.12 0.13 800 900 1300 1400
Scanning speed [mm/s]
(a) (b)
Fig. 6 Plots of the (a) main effects and (b) of the interaction for density
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Number Scannin speed Hatching distance Build rate Density [%]

sample [mm/s] [mm] [mm?/s] with Std

S1 1400 0.13 16.38 99.06 + 0.19
S10 1400 0.09 11.34 99.02 £+ 0.12
S12 1400 0.12 15.12 99.06 +0.14
S13 1300 0.09 10.53 99.11 + 0.08
S15 1300 0.11 12.87 99.19 +0.03

Table 4 Samples with the highest density

In order to analyze the results obtained by Archimedes’ method and understand the differences
between the samples with higher density and productivity, samples S1, S12 and S15 were analyzed
with the CT. Sample S15, despite having lower productivity than the other two, was analyzed to
understand the difference in terms of defects with the others. Fig. 7 shows the CT images of samples
before and after SR and the size pore percentage.
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Fig. 7 CT-scan images: (a) S1, (b) S12, and (c) S15. (al), (b1), and (c1) as-built; (a2), (b2), and (c2) after SR.
(d) Density and size of porosity by CT analysis

Observing Fig. 7 it is possible to notice a different size of the pores before and after the SR. In
particular, while for sample S1 there is a considerable reduction of the porosity in samples S12 and
S15 the porosity increases by reducing the density. A similar result was found by Babamiri et al. [50]
with Inconel 718 where the total void volume ratio decreased by 29.7% from as-built to SR. The void
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volume ratio, which represents the total volume of porosity divided by the total volume of X-rays,
has therefore decreased by similar percentages due to SR. Observing the process parameters between
sample S1 and S12 the difference lies in a 0.01 mm in the hatching. This difference, although minimal
at the numerical level, is not such in the process and can induce slightly different defects which, after
the SR, which releases the trapped gas and modifies the microstructure as widely highlighted in the
literature, acts on the morphology of the pores with small diameters.To explain the observed porosity
reduction, the authors assumed that the SR process helps correct common defects in layer additive
manufacturing, such as trapped gas bubbles in the melt pool and lack of fusion (LOF) caused by the
beam not completely dissolving the powder. What is noticeable in this study is a different distribution
of the pore sizes between as-built and SR. In parts manufactured using L-PBF technology, two main
types of pores can be generated [48, 51]. The first type has a spherical morphology with dimensions
up to tens of microns and these are generally classified as metallurgical pores. The second type of
pore has an irregular morphology and is approximately hundreds of microns larger in size. Generally,
this type of porosity extends over several levels. Therefore, in order to better understand the effect of
SR on density and therefore on porosity by identifying the shape of the pores and therefore the type,
an analysis of sphericity [52] was carried out through the images obtained by CT-scan [53]. Sphericity
(\P) indicates the shape of a pore and is defined as the ratio of the surface area of a sphere having the
same volume as the pore to the pore’s surface area [52]:

()

_ m3(6Vp)3
Ap
where V is the pore volume and A, is the pore’s surface area. The more this value is equal to 1, the
more the pores have a shape corresponding to a sphere. Fig. 8 shows the number of pores with respect
to pore diameter and an indication of the sphericity of these pores. Pores with ¥ > 0.6 are indicative
of residual gases in the powder or gas that become trapped due to the turbulence of the melt flow
generated by excessive laser energy or high scanning speeds. These are generally isolated within
solidified melt pools. The high energy can also cause localized vaporization which leads to the
formation of keyhole pores - spherical pores deep in solidified pools. This defect can manifest as
larger or irregular spherical shapes (W < 0.6) with keyhole instability (rapid solidification with an
incomplete filling of the gaps). Irregular pores are generally attributed in Al alloys to two causes: (i)
LOF between adjacent layers or partially fused powder particles when insufficient energy is applied,;
(ii) failure to effectively destroy the oxide films present in the powder. The defects of the oxide film
can be introduced both by overheating with high energy, and by the instability of the melt pool caused
for example by the Marangoni force and the recoil pressure [54] that occurs at high scanning speeds.
Although sphericity combined with pore size can be used to distinguish between gas-like pores and
other specific defect mechanisms, it cannot be used to adequately quantify the three-dimensional pore
shape of highly irregular elements. For example, pores showing low sphericity can be relatively
equidimensional or, conversely, stretched along one or two axes in the Cartesian plane. Different
physical forms of pores can affect macroscopic mechanical properties as well as their location
(internal or near-surface pores) [55]. For this reason, starting from the sphericity values, the
dimension of the bounding box surrounding the defect in the scene coordinate system is considered.
In this way the shape of the ellipsoid within which the pore is enclosed is defined to understand if it
expands preferably along the layer (dimension on the xy-plane > than that on the xz- and yz-planes)
or between the layers (dimension on the xy-plane < than that the one on the xz- and yz-planes) as it

determines how much that pore can affect the mechanical properties.
12



70 70
60 60
L. 50
S1 Z 40
v 30
20
10
st al aa s — 0 L1 1 ! 1
0.5 0.7 09 0.1 0.3 05 07 0.9
Pore diameter [mm] Pore diameter [mm]
140 140
120 120
100
H o =
S12 S 2
o 60 ]
40
20
0 nrche -
0.1 03 0.5 0.7 0.9 0.5 0.7 09
Pore diameter [mm] Pore diameter [mm]
100
20
80
70
= 60 =
S15 2 s0 2
[SITy ]
30
20
10
0 Lk lh I & i s u
0.1 0.3 05 0.7 09 05 07 09
Pore diameter [mm)] Pore diameter [mm]
(a) (b)

¥=0.70 =044 ¥=0.34 ¥=024

Fig. 8 Pore diameter (a) as-built and (b) after SR. The colour map indicates the sphericity

Shape analysis denotes that the principal directions are the x- and y- directions with respect to the
construction z-axis (Fig. 9). These defects with a larger area perpendicular to the construction
direction are typically classified as LOF. If the greater area were oriented parallel to the construction
direction, shrinkage porosity (generated during the solidification phase) could be created which could
result in the propagation of a crack in the fatigue life of a component.
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Fig. 9 Bounding box of the pore with ¥=0.34 in the S1 sample

From the analysis of a layer (Fig. 10), it is observed that some particles are sintered on the stripes and
these residual particles are typical spatters of solidified liquid. The size of the spatter can be much
larger than the size of the raw powders. When a few spatters of cold particles enter the laser beam
region, the particles can be fused into small droplets. From the collision of these small droplets, large
spatters can form which solidified can cause defects in the as-built part. These defects arise both
because spatters may have a high oxygen content, which reduces substrate wetting [56], and because
large spatters may not be fully fused during laser scanning, thus becoming potential pore generation
sites [57]. The types of pores and the size of the layer suggest that a series of LOF pores have been
generated around the splatters, which is clear evidence of the defects caused by the splatters. In fact,
the size of the layer can increase or attenuate the powder splattering. The jet of steam typically has
the shape of an inverted cone that is more confined near the molten pool but wears away as it moves
away from the molten pool. Therefore, a powder bed with a thickness of 30 um has a better chance
of being completely dissolved by the laser and leaving fewer loose powders in the path of the vapor
jet to be expelled than a 90 um layer. A similar result was found by Zavala-Arredondo et al. [22]:
analyzing the construction of AlSi10Mg samples with different layer sizes, the authors observed that
a greater layer thickness limits the densification mechanism, possibly due to the development of
deeper melts that promote keyhole porosity.
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Fig. 10 Stereomicroscope images of spatter particles on the layer

Another factor to consider when looking at the samples (Fig. 10) is the generation of pores due to the
passage of the blade. When the spattering particles are present on the surface, these are further
removed with the recorder blade during the coverage of the layer causing the formation of pits and
ridges on the surface which will therefore have different heights generating possible pores and, in the
case of the last layers, greater surface roughness. The type of blade used can amplify the effect of the
pores. A steel blade, in fact, hardly wears out and generates greater pressure during application on
the layer of powder and therefore on the previously melted areas with consequent improvement or, if
the parameters are not optimal or there are agglomerations in the powder, a deterioration of the surface.
Depending on the material being processed, a silicon/rubber/carbon fibers blade may deteriorate
quickly at some points, generating an uneven deposition layer and possible notches in contact with
the previously melted area due to, for example, spattering particles. This, therefore, leads to areas
more susceptible to the formation of pores.

5.2 Surface roughness

The surface roughness values in terms of Ra and R; are very similar regardless of the parameters. In
case 1 (with re-melting) the values obtained are Ra= 4.14 pm + 0.70 pum and R; = 18.92 pym + 2.89
pm, while, in case 2 (without re-melting), the values are Ra= 14.56 pm £ 3.60 pum and R, = 67.70 ym
+ 17.01 um. Analyzing the parameters individually, the values that allow the lowest roughness (Ra =
2.37 um and Rz =11.37 um) are: for the case 1 v =900 mm/s and hg = 0.11 mm, for the case 2 v =
1300 mm/s and hg = 0.11 mm. Even considering the profile-induced roughness, there are few
differences even if different parameters were used. In this case, the following roughness values were
obtained: Ra = 18.92 uym + 2.95 um and R; = 94.46 pm % 3.20 um. From Fig. 11 it is possible to see
the clear difference between the two cases. The re-melting takes place on an already melted surface
and not on a layer of powder and this leads to a better melting of the layer, reducing defects (e.g.
spatters) and highlighting the trace of the laser inside the stripe. By observing the contour, however,
it is possible to note the absence of the stair-case effect that should be evident in cases with such high
thicknesses. This highlights a good fusion of the levels.
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Fig. 11 Surface roughness of the up-skin: (a) with re-melting and (b) without re-melting. (c) Surface roughness
of the contour

Fig. 12 shows the three-dimensional surfaces before and after shot peening. The surface in case 1 has
become more uniform and traces are no longer visible but this has led to an increase in R; by 26%
and a reduction in Ra by 5%. In case 2, on the other hand, the reduction of Ra is 54% and for R; of
52%. Also at the level of contour roughness, there was a roughness reduction of Ra by 35% and R; by
40%. This high reduction in case 2 and the boundary is mainly due to the removal of the unfused
particles. In case 1, on the other hand, the pressure of the jet and therefore of the bombardment of the
glass microsphere on the surface may have induced an increase in ridges and valleys, and therefore
of R; due to the ductility of the aluminum.

Fig. 12 Three-dimensional surface. Case 1 (a1) as-built and (a2) shot peened; case 2 (b1) as-built and (b2) shot
peened; Contour (c1) as-built and (c.) shot peened
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5.3 Tensile test

Table 5 shows the tensile results compared with reference values of mechanical performances of the
same die-cast alloy. The mechanical properties of specimens are comparable with specimens
produced by conventional techniques, as already noted in the literature [58-60]. Furthermore, the
values are comparable with those obtained in the xy-direction, normally considered the best condition
with respect to the z-direction, found by Anwar and Pham [61] produced with a layer thickness of
100 um. A significant reduction in strength (yield and ultimate) is detected for stress-relieved samples
as reported in the literature [62, 63]. Regarding the position of the samples on the construction
platform, no high differences in mechanical properties were found between the samples placed in the
different areas (Fig. 4b). However, the samples in zone 2 showed slightly higher values
(approximately 2.6%) than in the other two zones. Studies in the literature [64, 65] have shown that
according to the flow rate of the inert gas, samples placed in a position close to the gas inlet or far
away can have more defects than samples placed in the central position of the build platform. Fig. 13
shows the CT image of the porosity of the tensile specimen, and relative density, in the zone of the
break before the tensile test and the break after the test. As can be seen, in the failure area of the
specimen there are no pores with diameters greater than 0.3 mm and they have a sphericity of 0.7
such as not to encourage the initiation of a crack.

Yield strength Ultimate tensile strength Elongation at break

[MPa] [MPa] [%]
S1 as-built_zone 1 178 + 6.36 298 £0.71 2.5+0.07
S1 as-built_zone 2 189 + 6.36 306 +£4.24 25+0.14
S1 as-built_zone 3 170+ 7.78 282 £0.71 2.1+0.14
S1 SR_zone 1 149 £ 7.00 235+7.00 4.2+0.39
S1 SR_zone 2 151+4.74 241 +8.45 4.2+0.15
S1 SR_zone 3 141 +£0.18 216 £4.01 3.5+0.84
Conventional cast and 170 300-317 3.6
Aged [66]
High pressure die 300-350 3-5
casting F* [66, 67]
High pressure die 330-365 3-5

casting T6* [66, 67]
Table 5 Tensile test results in z-direction. *For the high pressure die casting AlSi10Mg parts, the properties
for as-cast (F) as well as for the aged (T6) condition are given
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Conclusion

This study analyzes a way to reduce production time and waste which has a consequence on the costs
affecting the L-PBF process (gas, consumables, energy, etc). For example, correct recycling of the
powders and a suitable recoating system could lead to a better production process with less waste
generation. Furthermore, it was demonstrated that it is possible to increase the L-PBF productivity
of AISi10Mg considerably without modifying the machine with expensive solutions. The density,
mechanical properties, and surface roughness were not compromising. Through the use of non-
destructive tools such as tomography, it is possible to analyze the types of defects in more detail to
understand how much they can affect mechanical characteristics. The main results achieved are
summarized below:

After the SR the sample constructed with parameters P = 370W, v = 1400 mm/s, and hqg = 0.13
mm showed a density of 99.80% with few irregular pores;

Considering the production times calculated using the L-PBF system software, the transition
from a layer thickness of 30 um, normally used, to 90 pum led to a 65% reduction in production
time;

The analysis of the pore shape revealed defects with a larger area perpendicular to the
construction direction which is generally classified as LOF;

The porosity after SR can vary in terms of the number and size of the pores especially when
these are mainly due to trapped gas;

The defects mainly found are due to the effect of the spatter;

The use of CT-scan has allowed to expand the analysis on the effects of process parameters
and SR treatment on internal defects. The results obtained are a first example of a phenomenon
not highlighted previously for the AISi10Mg and this thanks to the use of non-destructive
tools;

By optimizing the process parameters of the contour concerning the parameters used for the
in-skin, it is possible to obtain samples built with a 90 um layer without the stair-case effect
which leads to better accuracy;

The as-built surface roughness is significantly reduced compared to the general values defined
for this process if re-melting is used. However, it is possible by shot-peening to further reduce
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the values and surface topography as long as the jet rate of the shot-peening is optimized so
as not to compromise the surface due to the ductility of the aluminum;

The mechanical properties of the samples constructed in the direction of build highlighted in
the literature as being worse than that on the xy-plane are comparable with the samples
produced with conventional techniques and with values found in the literature. As already
highlighted in the literature, SR reduces mechanical properties even if it induces an
improvement in porosity.
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