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Abstract

Among the many additive manufacturing technologies for metals, Powder Bed Fusion-Laser Beam
(PBE-LB\M) stands out for its capacity to produce complex-shaped functional parts. However, the
PBF-LB\M materials portfolio is still limited and the research into new high-performance Al-based
alloys is ongoing. The improved properties with the addition of 4 wt% Cu to the AlSi10Mg alloy have
been previously investigated in the literature through the in situ alloying approach in which the
starting powders of Cuand AlSi10Mg are mechanically mixed and directly processed. However,
inhomogeneities of alloying elements were found in samples produced with mixed AlSi10Mg+4Cu
powders. To overcome this detrimental problem, the use of pre-alloyed AISI10Cu4Mg powder
obtained via gas atomisation process could be a powerful solution. With the aim of demonstrating the
beneficial effects of pre-alloyed AlSi10Cu4Mg powders in laser-powder interaction, preliminary SEM
investigations were conducted on cross-sectioned SSTs and bulk samples after optimising the process
parameters. The deeper microstructural investigations conducted on pre-alloyed AlSi10Cu4Mg
samples revealed a higher homogeneity of alloying elements, a smaller cell size of the Al-Si-Cu network
(0.5 versus 0.8 um) and a slightly smaller mean diameter of equiaxial grains compared to the mixed
AlSi10Mg+4Cu ones (6.01 versus 7.34 m). In addition, looking closer at the supersaturation level
and the precipitation behaviour in pre-alloyed AlSi10Cu4Mg composition, a high solid solution level,
amassive presence of Al,Cu in the cell network and only a few finely dispersed Al,Cu precipitates
within the cells were found. Exploring the benefits of these microstructural features on mechanical
properties, an increase in performance of about 18% in micro-hardness tests and more than 10% in
tensile and compressive tests were found in the AlSi10Cu4Mg system with respect to the mixed
AlISi10Mg+4Cu system. All the thorough investigations proved how using pre-alloyed powders is an
important advantage in the PBF-LB/M production of complex Al-based systems.

1. Introduction

Metal Additive Manufacturing (AM) provides several advantages with respect to conventional processing and
offers unique opportunities for developing new materials and improving their mechanical performances [1].
Powder Bed Fusion-Laser Beam (PBF-LB\M) is an emerging AM technique in which functional complex-
shaped metal components are produced by scanning successive powder layers with a laser source [2, 3]. The
cooling rates (10*-10” K's ") achieved during a PBF-LB\M process are significantly higher than those reached
during conventional processing methods (about 10> K's '), resulting in a finer microstructure and thus in
outstanding mechanical properties [4].

© 2023 The Author(s). Published by IOP Publishing Ltd
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The PBF-LB\M technique is promising, but many challenges need to be addressed to exploit its full potential
[5]. One of the main problems concerns the low number of metallic systems that can be used to produce defect-
free and high-performance components. To date, aluminium alloys have attracted wide interest thanks to their
excellent strength-to-weight ratio, but their considerable solidification shrinkage, tendency to oxidation, high
laser reflectivity and the poor flowability of their powders make these alloys challenging to process by PBF-
LB\M [6-8]. Considering the non-printability by PBF-LB\M of some of the traditional high-strength Al alloys,
the challenge of creating new tailored compositions is still ongoing [9, 10].

Among the alloying elements investigated in the literature on Al-based alloys, Cu emerges as the most
commonly used. High-strength age-hardenable Al-Cu alloys have attracted strong interest in lightweight
applications since their discovery in the 20th century [11-13]. Although Al-Cu alloys are commonly used in
traditional processes, PBF-LB/M processing of these alloys only began in 2014 [14]. This is because the wide
solidification range and poor fluidity in the molten state of Al-Cu alloys exacerbates the hot cracking
susceptibility [14—16]. Zhang et al and Nie et al demonstrated that the addition of Mg to an Al-Cu binary alloy,
together with the use of a markedly low scanning speed, leads to the production of crack-free samples with a
good level of densification [17, 18]. In addition, Al-Cu-Mg alloy samples produced by PBF-LB\M have revealed
remarkable mechanical properties compared to those obtained by casting (+268% in Yield Strength (YS),
+117% in Ultimate Tensile Strength (UTS) and 4+39% in hardness) [16]. In order to further reduce the hot
cracking susceptibility and to improve PBF-LB\M processability, the modification of Al-Cu-Mg alloys with Si
has attracted much interest due to the reduction of the solidification range and the improvement of alloy fluidity
in the molten state that it produces. Furthermore Al-Si-Cu-Mg alloys permit a significant strengthening effect in
as-built conditions, thanks to the solid solution strengthening mechanism and, after heat treatment, thanks to
the formation of nano precipitates, which hinder the dislocation movement. Al-Si-Cu-Mg precipitation features
(types, sizes and distribution of precipitates) have been thoroughly studied in the literature through the control
of the heat treatment in order to maximise the mechanical strengths [19, 20].

One methodology recently explored to obtain Al-Si-Cu-Mg systems for PBF-LB/M technologies is through
the addition of Cu to the well-known AlSi10Mg alloy. To the best of the authors’ knowledge, these systems have
been obtained in three different routes: powder coating [21], powder mixing [22—24] and using pre-alloyed
powders [25]. As reported by Garmendia et al, coating AlSi10Mg powders with 1 wt% Cu led to promising
results in terms of hardness and tensile strengths. However, increasing the percentage of Cu with this
methodology is quite complicated and would seriously heighten the laser reflectivity of the powder [21].
Moreover, the complexity of the coating procedure makes it suitable only for producing small batches of
powder. This critical aspect can be overcome by the mechanical mixing of AlSil0Mg and pure Cu powders, a
quick and effortless method. The mechanical mix of 4 wt% Cu and AlSil0Mg powders was studied in literature
resulting in an increase of about 9% in microhardness and about 35% in YS, compared to the pure AlSi10Mg
alloy [23]. Despite the promising results obtained with the mechanical mixing method, undesirable clusters of
unevenly dissolved Cu were detected [22—24, 26]. The most effective way to obtain these systems without
stringent Cu limits and homogenisation problems could be through the use of pre-alloyed powder. Martin et al
exploited gas atomised powder to build dense and crack-free AlSi10Cu4Mg samples via PBE-LB\M process [25].
In particular, their study was mainly focused on the precipitation behaviour of this composition under heat-
treated conditions.

The high potential of AISi10Mg+Cu compositions has already been demonstrated in the literature.
However, the compositions investigated to date have mainly been obtained through complex processes with
strong limitations, such as powder coating of AlSi10Mg with pure Cu and methods unable to achieve a proper
homogenisation of the alloying elements, such as mechanical mixing of AlSi10Mg and Cu powders. In addition,
although Martin et al [25] demonstrated the potential of pre-alloyed AlSi10Cu4Mg alloy after direct aging
treatment, a systematic study on its as-built condition in terms of microstructural and mechanical properties
remains to be conducted. To fill this literature gap, the present work aims to thoroughly evaluate the benefit of
using pre-alloyed AlSi10Cu4Mg powder in terms of microstructural features in the as-built condition and the
associated mechanical properties with respect to the use of mixed AlSi1l0Mg+4Cu powders. The AlSi10Cu4Mg
powder produced by gas atomisation demonstrated a high level of alloying element homogenisation not
observed in the mechanically mixed system. Microstructural analyses were performed to reveal possible
differences in Al-Si-Cu network cell sizes and grain sizes in the two systems. To evaluate the effect of using pre-
alloyed AlSi10Cu4Mg powder on the solid solution and precipitation levels, x-ray Diffraction (XRD),
Differential Scanning Calorimetry (DSC) and Electron Backscatter Diffraction (EBSD) were performed. Finally,
the effects of pre-alloyed AlSi10Cu4Mg composition on the mechanical behaviour of PBF-LB/M samples were
studied by tracing its microhardness profile and analysing the tensile and compressive properties.
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Figure 1. Powder micrograph (a), optical image of the cross-sectioned powder (b) and particle size distribution (c).

2. Material and methods

2.1. Powder characterisation

To study the effects of powder pre-alloying in PBF-LB /M process, AlSil0Cu4Mg powder was produced by our
research group using PSI’s HERMIGA 100/10 VI gas atomiser starting from AlSi10Mg and pure Cu ingots. A
backfill operation was carried out before the vacuum induction melting to avoid the evaporation of volatile
elements. In order to avoid oxidation issues, an inert high purity argon atmosphere was used during the whole
gas atomisation process. In addition, due to the high reactivity of the powder, after gas atomisation, a passivation
step was carried out to prevent explosivity problems. In order to observe the morphology of powder particles a
Scanning Electron Microscopy (SEM) analysis was carried out using a Phenom XL. As can be observed in

figure 1(a), all particles have a spherical shape that meets the requirements of the PBF-LB\M production. Only a
limited number of satellites was found, probably due to the ultrafine powder fraction. The cross-sectioned
particles revealed limited and small internal gas porosities (indicated with red arrows in figure 1(b)) resulting
from the gas atomisation process. After an accurate image analysis on 20 images taken with the optical
microscope (Leica DMI 5000 M), the internal porosity of the particles was calculated to be around 0.01%. The
size range of powder in the as-produced condition was 8-105 ym, as measured using a Mastersizer3000 laser
diffraction particle size analyser. In particular, as reported in figure 1(c), the particles were characterised by D10,
D50 and D90 values of 20.8, 32.2 and 47.6 um, respectively. Prior to the PBF-LB\M production, the powder was
sieved between 20 and 50 psm as suggested by Concept Laser and dried to remove surface moisture from
particles.

The powder characterisation was then concluded with XRD analysis and subsequent phase identification
(figure 2). This characterisation is essential in order to verify that all pure copper reacted with the AlSi10Mg
during gas atomisation. The absence of Cu peaks in the XRD spectrum confirms that, thanks to the rapid
solidification involved in the gas atomisation process, the Cu is in solid solution or reacts with Al to form the
Al,Cu phase.

2.2. PBF-LB\M production
The entire PBE-LB\M production was performed using a Concept Laser Mlab cusing R. This system features a
build volume of 90 x 90 x 80 mm? and a fiber laser with a maximum power of 100 W, a wavelength of 1070 nm
and alaser spot of 50 ym. To quickly achieve Power (P) and scan speed (v) values suitable for the bulk
production with a limited powder waste, the Single Scan Tracks (SSTs) method was used. This method has been
widely applied in the literature for a preliminary tuning of P and v[27, 28]. In addition, an innovative algorithm
implemented in a previous author’s work [29] was used to quickly discharge parameters unsuitable for the bulk
production. This algorithm is able to identify the most suitable P-v combinations by discarding the non-
continuous scans and considering the SST's quality. This powerful tool was exploited by analysing a wide range of
power and scan speed values (P = 80 - 95 W and v = 300 - 1400 mms '), resulting in a Linear Energy Density
(LED) range from 0.09 to 0.14 Jmm ™' applying equation (1).

P

LED = — (D
v

The P and v sets resulted from the software analysis and used for the bulk production were reported in table 1.
According to the methodology implemented by Bosio et al, hatch distance (hd) values were set for each Pand v
combination considering the mean SST width and an overlapping of 0% between nearby tracks [30]. Moreover,
following the standard indications for Al-based alloys processed with the Concept Laser Mlab cusing R machine,
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Figure 2. XRD spectrum of the AlSil0Cu4Mg powder in a 20 range of 10-150°.

Table 1. Parameters used for the PBF-LB\M bulk production.

Scan Hatch Layer

speed distance thickness VED
Power (W) (mms ™) (pemm) (pem) (Jmm )
90 650 97 15 95
90 800 92 15 81
95 800 85 15 93
95 950 80 15 83

alayer thickness (/) of 15 pum was set, resulting in a Volumetric Energy Density (VED) range from 81 to 95
Jmm > applying equation (2).
p

VED = —— 2
I -hd-v @

All the parameters used for the bulk production are summarised in table 1.

After finding the parameters related to an optimal densification level, a second PBF-LB\M job was
performed to produce specimens for more in-depth characterisations. The job included cubic samples 10 x 10 x
10 mm? for microstructural and microhardness evaluation, flat tensile specimens for the tensile properties
investigation and cylindrical samples for the compressive test. The flat tensile samples were designed according
to ASTM E8 standard, produced with a thickness of 4 mm along the building direction, and rotated by 45° on the
platform. The cylindrical samples were designed according to ASTM E9 standard with a diameter of 6.5 mm and
aheight (along the build direction) of 12.5 mm. A width to length ratio of 1:2 is usually recommended to ensure
that no buckling occurs. The orientation of the samples on the build platform was chosen to avoid the need for
additional machining or the use of supports.

2.3. Characterisations

2.3.1. Investigation of microstructural features

To observe the laser-powder interactions and verify a homogeneous diffusion of the alloying elements, the first
step was an optical analysis through Phenom XL SEM, equipped with a Back-Scattered Electron (BSE) detector
of the SST cross sections. Subsequently, bulk samples were produced with the parameters resulting from the on-
top analysis of the SSTs. The as-built bulk specimens were removed from the platform using an electrical
discharge machine as the first step. To evaluate the densification level, all samples were cut along the building
direction and polished using the standard metallographic procedure. A Leica DMI 5000 M optical microscope
was used to take 10 micrographs (100x magnification) for each building condition. Subsequently, these
micrographs were processed using ImageJ software, which is able to distinguish the pores from the matrix after

4
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thresholding and thus calculate the relative density averaged over the 20 measures. After identifying the process
conditions to ensure the highest level of densification, further microstructural characterisations were carried
out. The copper homogenisation level was examined in a Phenom XL SEM, equipped with a BSE detector. In
order to deeply observe the Al/Si/Al,Cu network, advanced microstructural investigations were performed
through a Field Emission Scanning Electron Microscopy (FESEM) analysis using a Tescan S9000G FESEM
equipped with an BSE detector and a Energy Dispersive x-ray (EDX) analysis with a Phenom XL SEM. Grain
morphology and orientation were investigated through an EBSD analysis performed with Tescan S9000G
FESEM. EBSD orientation maps were recorded at 500 X and 5 k X magnification and a step size of 1.1 and 0.11
pm respectively. The SEM was operating at 20 kV, and 10 nA and the samples were tilted 70° and with a working
distance of 8§ mm.

2.3.2. Phase identification and thermal analysis

A PANalytical X-Pert diffractometer was used for the phase identification. The XRD analyses were performed on
the XZ plane at 40 kV and 40 mA in a Bragg Brentano configuration, using a Cu Ka radiation. The phase
identification procedure was performed on the basis of the following reference patterns: Star 00-004-0787 for Al,
Calculated 01-089-1980 for Al,Cu and Calculated 01-077-2109 for Si. The lattice parameter of face centred
cubic (fcc) Al was calculated with the cosf cotd method. In order to perform a quantitative evaluation of the
supersaturation condition of the Al matrix, Vegard’s law was exploited using the lattice parameter of the PBF-
LB\M sample and the near-equilibrium one. A reference value for near-equilibrium behaviour was obtained by
analysing a sample subjected to melting and subsequent very slow cooling in order to achieve a near-equilibrium
microstructure. The reaction sequence was determined through a DSC analysis with the NETZSCH DSC 214
Polyma instrument. The DSC test was conducted on the as-built sample with a weight of approximately 68 mg.
The heating rate was fixed at 10 °C min ' and the temperature was varied in the range 20 °C-450 °C. The
thermal analysis was carried out with an Al,O; crucible and a protective argon atmosphere.

2.3.3. Mechanical tests

The mechanical performances were investigated through Vickers microhardness, tensile and compression tests.
The microhardness testing was conducted using a Vickers tester VMHT according to ASTM E384 standard. Ten
microhardness indentations were performed on the XZ plane using a staticload of 0.5 kg and a dwell time of 10s.
The tensile tests were carried out at room temperature according to ASTM E8 standard, using a Zwick/Roell
ProLine Z050 universal tensile test machine and applying a strain rate of 8 x 10~ >s~". The strain was measured
by a strain gauge with an initial length of 10 mm. In order to calculate the deformation values from specimen
regions subjected only to uniaxial stress, the strain gauge was positioned at the middle of the gauge length. To
obtain an accurate evaluation of tensile properties, three samples were tested. Subsequently, in order to
investigate the possible fracture causes of the specimens subjected to tensile loading, the fracture surfaces were
observed by a Tescan S9000G FESEM equipped with an BSE detector. Finally, compression tests of as-built
samples were also performed on a Zwick Z100 machine with a constant strain rate of 3.3 x 10~ *s ™' according to
the ASTM E9 standard. Three tests were conducted in order to accurately evaluate compressive properties.

3. Results and discussion

3.1. Laser-powder interaction study with Single Scan Tracks
A time- and effort-saving method to evaluate the influence of different powder production techniques on the
laser-powder interaction phenomena could be through the use of SST. The SST corresponds to a laser track
scanned on a single powder layer previously spread onto a substrate. As already studied for the mixed AlSi10Mg
+4Cu powders, SSTs were produced with the pre-alloyed AlSi10Cu4Mg powder and different LED values.
Through an SEM investigation with the BSE detector of the SST cross-section, a preliminary evaluation of the
alloying element homogeneity could be obtained. In fact, the BSE detector identifies the highest atomic weight
elements and observes their diffusion in the matrix. Comparing the SEM analysis conducted on SST's cross-
sections realised with the mixed AlSi10Mg+4Cu system or the pre-alloyed AlSi10Cu4Mg powder, two
completely different scenarios could be observed (figure 3). The AlSi10Cu4Mg SST's revealed the absence of Cu
segregation and a homogeneous Cu distribution already after the single laser scan realised in the SST production
(figure 3(a)). In contrast, the AlSi10Mg+4Cu SSTs did not show the same homogeneity as the pre-alloyed
composition, revealing unfused Cu particles, Cu-rich bands following the Marangoni flow and a general
irregular Cu distribution (figure 3(b)) [26].

The presence of pure copper in the mixed AlSi10Mg+4Cu system is an adverse condition for a proper laser-
powder interaction due to the extremely different thermal conductivity and melting temperature of the starting
powders [31, 32]. On the other hand, observing the XRD spectrum performed on pre-alloyed AlSi10Cu4Mg
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Pre-alloyed syste

Figure 3. A representative BSE micrograph of the SST cross-section obtained with the pre-alloyed system (a) studied in the present
work and BSE micrographs obtained with the mechanically mixed system (b). Adapted from [26], Copyright (2022), with permission
from Elsevier.

powder (figure 2), no peaks referring to the Cu pattern were visible, but only peaks of Al,Cu phase. The complete
absence of Cu peaks reveals that during the rapid solidification of the gas atomisation process the entire amount
of Cu completely diffused and partially reacted with the Al to form the Al,Cu phase. Notwithstanding the
intermetallic presence in the pre-alloyed AlSi10Cu4Mg powder, a homogenous diffusion of the alloying
elements took place during laser scanning. Probably this occurred because, as observed in the literature, the
dissolution of the Al-Cu phases takes place at temperatures close to 480 °C, significantly below the temperature
needed for the pure copper [33]. The homogenous condition achieved after just a single laser scan is a key
strength of using pre-alloyed powders.

The SST method gives also information on the preliminary tuning of the process parameters for bulk
production. In the present study, a wide range of P-v combinations was explored and reported in figure 4. The
parameters not able to guarantee adequate bulk densification were rapidly discarded on the basis of on-top SST
morphologies [29]. In particular, in figure 4, the conditions in which SST's with strong discontinuities were
obtained are marked in red and the conditions with low-quality indexes are indicated in orange.

Exploiting the P-vinformation provided by the software, Concept Laser indications for layer thickness
suitable for Al-based alloys, and setting hd values calculated on the basis of the SST's width under the same P-v
conditions, bulk samples of the pre-alloyed composition were processed via PBF-LB/M.

3.2. Bulk processability

In figure 5(a), the relative density values of the bulk PBF-LB /M samples were plotted against the VED values,
and an increasing trend is clearly evident. In addition, to clarify the effect of power and scan speed values on the
densification behaviour, one micrograph for each process condition was reported in figure 5(b).

No cracks were found in all process conditions and a mean density of 98.8% was recorded for the samples
produced with the highest VED (95 Jmm ). The latter were processed at 90 W as laser power and 650 mms ™~ as
laser scan speed and were characterised only by spherical and small-sized pores, also known as gas porosity. The
origins of these porosities can be many, including the moisture on the powder surface, the gas trapped in the
particles after gas atomisation and the dynamics of the PBE-LB\M process. As demonstrated by Weingarten et al
[34], gas porosities can be drastically reduced through an efficient drying of the powder by removing surface
moisture from particles. Based on this study, in order to avoid pore formation, the AlSi10Cu4Mg were dried
immediately before the PBF-LB\M process. Moreover, gas-trapped particles can be reduced by optimising the
gas atomisation process. Instead, although gas atomisation is the most advantageous process for the production
of powders with controlled particle size, few satellites and spherical shape, the phenomenon of trapped gas
within the particles cannot be completely eliminated. Calculating the internal porosity of the powders

6
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Figure 5. Relative density of the processed samples as a VED function (a) and the corresponding optical micrographs (b).

(figure 1(b)), only 0.01% porosity was found. This suggests that the porosity found in the bulk samples cannot be
attributed to the gas atomisation process. Another aspect to be taken into account is that the PBF-LB\M process
takes place in an inert atmosphere and the powder stream can trap the protective gas (argon). The latter enters
the melt pool through the Marangoni’s flow, which tends to retain entrapped gas bubbles. Notwithstanding,
considering the low porosity and the geometrical features of this type of porosity, they should not be considered
detrimental to mechanical performance. On the other hand, figure 5(b) show as the presence of non-spherical
pores with irregular shapes and larger sizes increased with the scan speed values. In the literature, these porosities
are known as lack of fusion pores and are attributed to an insufficient energy input that usually occurs when too
high scan speed or low VED values are used [31]. The highly irregular shape of these porosities leads to a notch
effect, reducing the loading capacity and thus compromising the mechanical performance. Based on these
considerations, the parameters highlighted in green in figure 5(b) were selected.

3.3. Microstructural characterisations
After identifying the proper process conditions, an SEM investigation with a BSE detector was performed on
cross-sectioned bulk AlSi10Cu4Mg samples in order to verify the effectiveness of the use of pre-alloyed powder

7
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a) “ i;)

Figure 6. Micrographs taken using an SEM with BSE detector for an AlSi10Cu4Mg system (a) and an AlSi10Mg+ 4Cu (b) studied by
Bosio etal [26].

Figure 7. SEM micrographs of AISi10Cu4Mg XZ cross-sections. The red line indicates the melt pool boundary, the yellow arrow
indicates the coarse zone and the green arrow indicates the fine zone.

in achieving a good level of homogenisation of alloy elements when multiple laser scans are involved (figure 6).
The results were promising, in fact, the homogeneous distribution of alloying elements found in cross-sectioned
SSTs was confirmed by optical analysis of the cross-sectioned bulk samples and Cu-enrich phases seem to be
located uniformly in the Al-Si network (figure 6(a)). On the contrary, despite the successive scans and the
different thermal history involved in bulk production, the AlSi10Mg+4Cu bulk samples characterised by Bosio
et al did not exhibit an improvement over what was observed with single scans, revealing a locally
inhomogeneous Cu distribution (figure 6(b)) [26]. In fact, in AlSi10Mg+4Cu bulk samples a VED of 40 Jmm >
and abuilding platform heated at 100 °C allowed a good densification level but they were not able to yield the
complete Cu diffusion.

In order to better investigate microstructural features of the pre-alloyed AlSi10Cu4Mg, a more detailed
SEM, FESEM and EBSD analyses were conducted. The SEM investigation of xz plane (perpendicular to the build
direction) led to the identification of three melt pool areas with different network morphologies (figure 7): an
altered area at the melt pool boundary (indicated with a red line) with a very fine and partially broken network,
the coarse zone contiguous to the melt pool boundary (indicated with a yellow arrow) with coarser cells and
thickened network walls and the fine area in the central zone of the melt pool (highlighted with a green arrow)
with smaller cells and thinner network walls. Probably the altered area results from the fine zone of the previous
layer affected by heat during the deposition of the new layer.

The microstructure heterogeneity observed in the melt pool of AlSi10Cu4Mgbulk samples is similar to the
one observed in AlSi10Mg [35-38] and in locally homogeneous areas of the mixed AlSi10Mg+4Cu system [26].
In addition, in the central zone of the melt pool, FESEM investigation using Secondary Electron (SE) and BSE
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Figure 9. EDX analysis performed with a linear scan across the network and with 3 spot scans at different points of the network.

detectors (figure 8) was performed on pre-alloyed AlSi10Cu4Mg samples to investigate the network features.
The network appeared to consist of two different phases: one with a higher atomic weight (lighter in the BSE
image) and one with a lower atomic weight (darker in the BSE image).

In order to name the lighter and darker phases seen through the FESEM analysis, EDX line and spot
investigations were conducted. The EDX results, reported in figure 9, clearly demonstrate how the lighter areas
identified with the BSE detector are rich in copper. Looking closer at the linear EDX, it can be seen that when the
analysis line intercepts the network in the lighter areas, the concentration of Cu increases and the presence of Si
decreases. By performing the point analysis in the lightest part of the network (SPOT_1), in the darkest part of
the network (SPOT_2) and in the matrix (SPOT_3), it was stated that copper is predominantly present in the
light areas of the network, while in the darker areas the eutectic Al-Si phase is present and in the matrix there is
more abundant Al

In addition, the average cell size in the central zone of the melt pool was calculated obtaining a value of 0.5 +
0.3 pm for the pre-alloyed AlSi10Cu4Mg. This average cell size of the pre-alloyed composition was slightly lower
than that measured in the mixed AlSi10Mg+4Cu system (0.8 & 0.4 pum) [23]. This slight variation could be
generated by the more homogeneous distribution of Al,Cu in the AlSi10Cu4Mg composition than in the
AlSi10Mg + 4Cu system. It is reasonable to assume that in the mixed AlSi10Mg + 4Cu system the Al,Cu phase
was more abundant in non-homogeneous zones due to the higher presence of Cu. Consequently, in the
homogeneous zones considered for the measurements of the cell size, less Al,Cu phase was present in the
network. This distribution could result in a thinner network and, thus, in a slightly higher cell size for the mixed
AlSi10Mg + 4Cu system.

Considering the critical role of grain size, morphology and orientation in mechanical behaviour, the EBSD
analysis was carried out. From the EBSD map plotted in figure 10, two melt pool zones could be distinguished: a
fine zone with equiaxial grains along the melt pool boundaries highlighting a non-preferential orientation and a
coarser zone with columnar grains in the melt pool core showing a marked preferred orientation perpendicular
to the melt pool boundary and, thus, parallel to the build direction caused by the strong thermal gradient
occurring during the PBF-LB/M process. Equiaxial grains are easily distinguishable from columnar grains by
their smaller size and aspect ratio close to 1. Evaluating the equivalent circular diameters of equiaxial grains, a
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Figure 10. EBSD orientation map taken at 500 X.
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Figure 11. XRD spectrum of the AlSi10Cu4Mg bulk sample on the XZ plane in a 26 range of 10-150°.

mean value of 6.01 £ 0.82 pm was recorded. Comparing this value with the one observed by Bosio et al in the
mixed AlSi10Mg + 4Cu system (7.34 pzm) [23], a slight variation could be pointed out.

3.4. Assessment of the solid solution and precipitation levels
In order to understand the occurred precipitation and the solid solution level of pre-alloyed AlSi10Cu4Mg
composition after PBF-LB/M process, an XRD investigation was conducted (figure 11).

The spectrum displayed in figure 11 revealed the presence of fcc-Al, diamond cubic Si and tetragonal Al,Cu
phase (6 phase). A study on the diffusion coefficients of several transition elements in the fcc Al revealed that Cu
has one of the highest values [39]. This leads to a higher probability of Al,Cu precipitation during the rapid
solidification. To detect the presence of Al,Cu phase, a high-resolution EBSD analysis was performed on pre-
alloyed A1Si10Cu4Mg samples. By measuring the misorientation between all pixel pairs, in fact, it is possible to
identify the boundaries enclosing the individual grains. Putting the phase composition in the Aztec software, the
Al,Cu precipitates were represented on an EBSD map, highlighting their distribution and providing the area
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Figure 12. Phase verification through high-resolution EBSD map taken at 5k X.

fraction. The analysis revealed a presence of Al,Cu of about 0.2% as area fraction (figure 12). However, it is
important to emphasise that the resolution of this type of analysis is around 0.1 ¢m - 0.02 pzm, so nanometric
precipitates below 20 nm are difficult to detect. However, the strongly limited percentage of precipitates
recorded in AlSi10Cu4Mg samples implies that a large amount of Cu is in solid solution.

To investigate the solid solution condition, XRD data were used to evaluate the fcc-Al lattice parameter. In
fact, when solute atoms are present, the alloy lattice is locally distorted, and the lattice parameter results altered.
The lattice parameter calculated in pre-alloyed AlSi10Cu4Mg composition was of 0.4041 nm and thus decreased
with respect to the pure AlSi10Mg alloy. On the other hand, the lattice parameter measured in the mixed
AlSi10Mg+4Cu system was 0.4043 nm. The lower value found in the AISI10Cu4Mg composition suggests that
there are globally more Cu atoms in solid solution in the pre-alloyed system. In fact, the inhomogeneous Cu
distribution derived by the mixed powders implied the presence of Cu-rich cluster with alower Cu atoms
number in Al lattice. To support this hypothesis, Vegard’s law was used to estimate the saturation level of the
alloys. This evaluation in pre-alloyed AlSi10Cu4Mg resulted in a saturation value of Mg, Siand Cu in the Al
matrix of about 6.26 at%. Assuming that Mg is entirely in solid solution and Si is in solid solution as in the
AlSi10Mg system, the percentage of Cu in solid solution would be equal to 1.9 at%. The value obtained for Cu in
the pre-alloyed AlSi10Cu4Mg composition is about twice as high as that recorded in the mixed AISI10Mg+4Cu
system (1 at%). This evidence would seem to confirm the previous considerations on the lattice parameters, i.e. a
higher presence of Cu in solid solution in the pre-alloyed AlSi10Cu4Mg.

In order to confirm the different saturation level of AlSi10Cu4Mg and AISI10Mg+4Cu systems the DSC
analysis was considered (figure 13).

The different kinds of reactions occurring in the AlSi10Cu4Mg material during the DSC test can be
distinguished based on the peak characteristics, which can be exothermic or endothermic. In particular,
nucleation and growth of precipitates is an exothermic reaction that releases energy, whereas the dissolution of
precipitates is endothermic and requires energy. The first more intense peak was recorded at 225 °C, and the
minor second peak at 340 °C. The enthalpy released in exothermal processes can be measured as the area under
the peak, resulting in about 34.5J g~ ' and 6.4 ] g !, respectively for the first and second peaks. According to the
exothermic character of the peaks, some precipitation reactions occurred between 178 °C-264 °Cand 317 °C~
355 °C (as onset and offset values). In particular, according to Riontino et al and Edwards et al, the exothermic
peak recorded at 225 °C could be addressed to the formation of the Al,Cu phases in addition to the well-known
precipitation of Si [40, 41]. Comparing the DSC results obtained by Marola et al on pure AlSi10Mg, the enthalpy
released in the first exothermal phenomenon of AlSi10Cu4Mg is 5% higher [42]. The higher enthalpy confirms
the contribution of Al,Cu phase precipitation in the first peak and, thus, the presence of Cu in the solid solution.
On the other hand, the second peak of the DSC spectrum is usually attributed to the Mg,Si phase [41]. The peak
recorded in the DSC analysis relating to the precipitation of the Mg,Si phase together with the absence of the
relative peaks in the XRD spectrum, suggests that Mg is completely in solid solution in the as-built condition.
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Figure 13. DSC signal of an AlSi10Cu4Mg sample.

By comparing the enthalpy values released in the exothermal phenomenon of Al,Cu phase precipitation of
the pre-alloyed and mixed samples, it is possible to note that the area under the first peak of pre-alloyed
AlSi10Cu4Mg was 33% higher than the one measured for mixed AlSi10Mg+4Cu. Assuming the same Si
precipitation behaviour in both systems, the higher enthalpy of the first DSC peak related to the pre-alloyed
AlSi10Cu4Mg again suggests a more significant presence of Cu in solid solution than in the mixed
AlSi10Mg-+4Cu.

3.5. Mechanical properties

To investigate how a higher homogeneus distribution of the alloying elements and a higher percentage of Cu in
solid solution can affect the mechanical properties of the pre-alloyed AlSi10Cu4Mg system, microhardness,
tensile and compression tests were conducted. As explained in section 3.3, the cell size of the pre-alloyed
AlSi10Cu4Mg composition proved to be smaller than the mixed AlSi10Mg+4Cu system. Based on Kempfet al
evidence, this might suggest a higher hardness of the pre-alloyed AlSi10Cu4Mg system [43]. They have, in fact,
observed that there is a direct link between hardness and cell size, and in particular, as the latter decreases, the
strength properties increase. Performing microhardness Vickers tests on AlSil0Cu4Mg and averaging ten
measurements, a mean microhardness value of about 168 HV was recorded with a standard deviation of
approximately 5 HV. This value revealed 18% higher microhardness properties than the mixed AlSi10Mg+4Cu
system [23]. This is in accordance with the Kempf et al observations and could be explained by the Chen et al
study conducted on AlSi10Mg. They proved that the Si network at the AISi10Mg cell boundaries acts as
precipitates [44]. The presence of the precipitates does not act merely as a physical obstacle to the dislocation
movement but rather as a distortion of the crystal lattice planes in the areas where these precipitates are formed:
the localised distortion of the lattice, comparable to localised work hardening, causes the resistance to the
dislocation movement and consequently the increase in hardness of the alloy. In the case of the pre-alloyed
AlSi10Cu4Mg composition, the smaller cell size resulted in a thickening of the Al-Si-Cu network that acts as
precipitates and, thus, leads to an increase in average microhardness values compared to the mixed AlSi10Mg
+4Cu system.

Aswell explained by Ashby et al, the microhardness is related by a factor of 1/3 to the yield strength of the
material [45]. For this reason, by conducting tensile and compression tests at room temperature on
AlSi10Cu4Mg, it is reasonable to expect higher strength values than the mixed AlSi10Mg+4Cu system. A
representative tensile curve of the as-built AlSi10Cu4Mg sample with the mechanical values obtained is
presented in figure 14(a). On average, the tests exhibited a Young’s modulus of 77.2 & 3.1 GPa,an UTS 0f 471.3
+2.2MPa,aYSo0f373.6 £ 15.8 MPaand 2.68 £ 0.28% as the elongation at the break (dL).

Compared to the mixed AlSi10Mg+4Cu system, the AlSi10Cu4Mg showed +10% in both YS and UTS and
an elongation at break value more than 20% higher [23, 24]. The significant increase in elongation at break can
be reasonably attributed to the absence of brittle Cu clusters in the pre-alloy system that could irreversibly affect
the ductility of the alloy. The elongation of the pre-alloyed AlSi10Cu4Mg composition is, in any case, limited
when compared to the pure AlSi10Mg system, showing poor ductility. To investigate the reasons for this limited
ductility, FESEM analyses were conducted on the fracture surfaces (figure 15).
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Figure 14. Representative tensile stress-strain curve of AlSil0Cu4Mg sample (a) and an exemplary fractured sample (b).

Figure 15. Fracture surface observed through FESEM.

Observing the fracture surfaces, no cleavage planes typical of brittle fracture were observed, but some
porosity detected can be imputed as one of the possible causes of the fracture (figure 15). The presence of alarge
number of dimples suggested a ductile fracture. Notwithstanding, the low elongation at break, the limited
necking of gauge length and the fracture almost perpendicular to the applied load direction would suggest a low-
ductile behaviour of the alloy. According to studies conducted on AlSi10Mg, the Al-Sinetwork proved to be a
brittle element in fracture mechanics [46, 47]. It is therefore reasonable to assume that this phenomenon could
be amplified in the AISi10Cu4Mg due to the formation of the brittle Al,Cu phase in the network. In addition, the
low-ductile behaviour of the alloy could also be attributed to the residual porosities observed on the
AlSi10Cu4Mg fracture surface. The porosities, when subjected to tensile loading, reduce the load capacity of the
material by acting as a crack nucleation site. However, residual porosity can be closed with post-processing
treatments such as hot isostatic pressing post-processing, thus improving the elongation to the break of pre-
alloyed A1Si10Cu4Mg composition [48].

Nevertheless, to better understand the recorded increase in YS and UTS of the pre-alloy AlSi10Cu4Mg
system with respect to the mixed AlSi10Mg+4Cu system, it is possible to refer to the three mechanisms that
contribute to the YS value of an alloy. According the equation (3):

YS = ogg + 0y + 0Op 3)

where ogg is the contribution of the grain boundary strengthening mechanism, o, the contribution of super-
saturated solid solution strengthening mechanism, and op the contribution of precipitation strengthening.

Starting from the og contribution to the alloy YS, it could be calculated through the Hall-Petch equation
[45], as follows:
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Table 2. Overview of the coefficients used to calculate the
contribution of solid solution strengthening in the

AlSi10Cu4MgYS.
¢ (wt %) k (MPa/wt %3) 015 (MPa)
Mg 0.3 29 17
Si 4.03 66.3 168
Cu 4.33 46.4 123
k
0GB = 0p + — (4)

7a

where oy is the friction stress when dislocations glide on the slip plane, k is the stress concentration factor and d is
the average grain size.

While oy and k were set according to the literature respectively at 10 MPa [49] and 0.4 MPa mm 2 [50], the
average grain size was calculated based on the EBSD analysis reported in section 3.3. Accordingly, a contribution
of the grain boundary strengthening mechanism of 15.2 MPa was calculated for the pre-alloyed AlSi10Cu4Mg
composition. This value slightly differs from the contribution calculated for the mixed AlSi10Mg+4Cu system
(14.7 MPa), but it can not justify the increase in YS recorded in the pre-alloyed composition. Analysing the
super-saturated solid solution strengthening, it is reasonable to assume that it significantly contributes to the
increase in YS of the pre-alloyed AlSi10Cu4Mg system. In fact, on the basis of the DSC analysis (figure 13) and
the lattice parameter calculated from the XRD data, a significantly higher level of solid solution is expected for
the pre-alloyed AlSi10Cu4Mg with respect to the mixed AlSi10Mg+4Cu system. To quantify this contribution,
the equation based on Myhr et al model [51] could be applied, as follows:

Osss = Zkici% %)

where k is the concentration of i-solute element in the solid solution and c is the concentration of i-alloying
element in solid solution.

k; were fixed based on the Myhr et al model, and ¢; were calculated according to Vegard’s law applied to the
XRD data. In particular, for both systems, it was assumed that the elements in solid solution were mainly Mg, Si
and Cu, that Mg was completely in solid solution and that Si was in solid solution similar to the AlSi10Mg system
without Cu. The values of k and ¢ used are summarised in table 2.

By summing the contributions of the three main elements in solid solution, a oy, of 308 MPa was obtained
for the pre-alloyed AlSi10Cu4Mg samples. A significant increment was observed with respect to the mixed
AlSi10Mg+4Cu system where a o, of 256 MPa was calculated. It is then reasonable to suppose that the solid
solution strengthening has a key role in YS differences recorded between pre-alloyed and mixed systems. Finally,
op contribution for the pre-alloyed AlSi10Cu4Mg system was evaluated by the difference between the YS value
and the other contributions obtaining a value of 50 MPa. This value slightly differs from the contribution
calculated for the mixed AlSi10Mg+4Cu system (69 MPa). This suggests that Cu clusters in the mixed AISi10Mg
+4Cu system acts as dislocation movement inhibitors increasing the op contribution. In this way, the large gap
in YS values between the pre-alloyed and mixed compositions can be mainly attributed to the massive increase
in oy achieved in the pre-alloyed AlSi10Cu4Mg system thanks to high level of Cu solid solution.

The mechanical characterisation of pre-alloyed AlSi10Cu4Mg system was completed with the compressive
tests. In figure 16, a representative compressive curve is reported. A mean value of 375.4 4 1.1 MPa was recorded
as Compressive Yield Strength (CYS), 926.9 & 50.7 MPa as Ultimate Compressive Strength (UCS) and 22.5 +
3.1% as the compression at the break (dL).

While residual porosity could represent a cause of load-capacity reduction when subjected to tensile loading,
this may not be a limiting factor when compressive loading is present. The results of the compressive test
confirmed this assumption showing a significantly high increment of compressive strength compared with the
mixed system of Li et al (figure 16) [52]. In particular, if the mixed AlSi10Mg+4Cu system did not exhibit an
improvement in CYS with respect to the pure AISI10Mg system [23, 53], while the pre-alloyed AlSi10Cu4Mg
composition allowed an increase of 8%. This result can again be explained by the absence of copper segregations
in the AlSi10Cu4Mg, which can embrittle the material until the strengthening resulting from the addition of Cu
to the AISI10Mg system becomes ineffective. In addition, according to tensile results, the compression at break
resulted still lower than AISi10Mg probably due to the embrittlement action of Al,Cu [24].
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Figure 16. Representative compressive stress-strain curve of AISi10Cu4Mg sample.

4, Conclusions

Alarge body of literature demonstrated the benefits of adding 4 wt% Cu to the well-known AISI10Mg system
[22-26]. However, most of the studies on the processability of this composition were carried out on the system
obtained from mechanically mixed powders of AlSi10Mg and pure Cu [22-24, 26]. Despite being effortless and
cost-saving, this method of obtaining feedstock material based on AlSi10Mgand pure Cu powders leads to
significant inhomogeneities of the alloying elements and thus to non-uniform mechanical properties [26]. Gas
atomising powders is a powerful way to overcome the problems associated with mechanical mixing. To
thoroughly understand the benefits of using pre-alloyed powders on microstructural and mechanical features,
an accurate study was conducted on pre-alloyed AlSi10Cu4Mg composition. With the present study the
effectiveness of the pre-alloying system in the microstructural and mechanical homogeneity was verified trough
a comparative study on the mixed system with the same chemical composition. The SST method was used to
quickly investigate the laser-powder interaction of the pre-alloyed AlSi10Cu4Mg composition and compare this
behaviour with the mixed AlSi10Mg+4Cu system. SST approach was also exploited to select the most suitable P,
vand hd values for the bulk samples production. Four parameter combinations were used for the PBF-LB\M
production obtaining crack-free and fully danse samples. When process parameters allowing a high
densification level were identified, more in-depth microstructural and mechanical characterisations were
carried out to compare the peculiarities of AlSi10Cu4Mg and AlSi10Mg+4Cu systems. The results obtained can
be summarised as follows:

+ Observing of cross-sectioned SSTs and bulk samples revealed any Cu segregation or detrimental defects
resulting from an incorrect diffusion of Cu in the pre-alloyed AlSi10Cu4Mg system. These microstructural
characterisations preliminary verified the effectiveness of pre-alloying in Cu homogeneity starting from one
and only one laser scan in contrast to the mechanically mixed system.

+ The pre-alloyed AlSi10Cu4Mg composition appeared to have a completely homogeneous microstructure
with the Al,Cu phase integrated in the cellular network, alower mean cell size (0.5 £ 0.3 ym) and a slightly
smaller average size of equiaxial grains (6.01 pm) with respect to the mixed AlSi10Mg+4Cu system (0.8 & 0.4
pmand 7.34 pm respectively).

+ Inpre-alloyed AlSi10Cu4Mg composition the Mg, Siand Cu solid solution percentage was estimated as 6.26
at% with a Cu contribution of 1.9 at% (about twice as much as the mixed system). The higher solid solution
level of AlSi10Cu4Mg attested by Vegard’s law was then confirmed by DSC analysis, showing a more intense
peak related to the Al,Cu precipitation.

+ Thanks to the higher mean presence of Al,Cu in cellular network and the smaller cell sizes, the pre-alloyed
AlSi10Cu4Mg composition exhibited a mean microhardness value 18% higher than the mixed AlSi10Mg
+4Cu system.

+ Thetensile test revealed a macroscopically low-ductile fracture (fracture almost perpendicular to the load and
limited plastic deformation) but with a typically ductile fracture surface characterised by the presence of
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dimples. Overall higher tensile properties were recorded in the pre-alloyed AlSi10Cu4Mg composition
compared to the mixed AlSi10Mg+4Cu system (+10% of both YS and UTS).

+ Quantifying the three main contributions of the strengthening mechanisms, the increase in YS in the
AlSi10Cu4Mg was mainly attributed to the higher level of the solid solution probably due to the higher
homogeneity of Cu.

+ The AlSi10Cu4Mg showed improved compressive performance than mixed AlSi10Mg+4Cu system.

This study expanded the knowledge of the promising composition AlSi10Cu4Mg demostrating how a
compositionally homogeneous microstructure with higher mechanical properties can be obtained using pre-
alloyed powders. By the way, it should be noted that the production of pre-alloyed powders, e.g. through a gas
atomisation process, is more expensive than the cost-effective mechanical mixing technique. However, thanks
to the homogeneity of the alloying elements obtained with the pre-alloyed AlSi10Cu4Mg system, future heat
treatments will not require time- and energy-consuming homogenisation treatments. Furthermore, heat
treatments aimed at improving ductility and tailored for this composition should be investigated in the future.
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