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The aim of this work is to investigate the influence of the addition of Cu on the microstructure and on the
microhardness of a laser powder bed fusion (L-PBF)-fabricated AlSi10MgCu alloy. With this goal, AlSi10Mg+4
wt%Cu pre-alloyed powder was produced by gas atomization. Following a parameter optimization study, dense
as-built specimens with a high relative density of 99.8% were fabricated. An outstanding microhardness value,
exceeding 180 HV, was obtained after aging at 160 °C for 16 h. This value is similar to that of the high strength Al
7075 in the T6 condition. With the aid of analytical transmission electron microscopy, it was concluded that the
origin of the observed excellent mechanical behavior could be attributed to the beneficial effect of Cu in reducing
the Al-matrix cell size, and in increasing the density and decreasing the size of the Si-based nanoprecipitates at
cell interiors. More specifically, it is proposed that the maximum hardness is associated to the development of Cu-
rich GP-I zones, which act as precursors of Si nanoprecipitates. Overaging leads to a reduction in microhardness
due to transformation of these GP-I zones into coarser 0’’ precipitates and thus to a smaller volume fraction of
larger Si-based nanoparticles.

1. Introduction

Laser powder bed fusion (L-PBF) is an emerging Additive
Manufacturing (AM) technique by which successive powder layers are
consolidated to make complex geometry parts in a near-net-shape
manner [1]. Besides allowing to fabricate components with intricate
geometry, L-PBF also constitutes a tool to design and process novel
advanced materials, since the high cooling rates involved (1 0*-107 K/s),
which are much faster than the rates associated to conventional pro-
cessing methods (~10? K/s), may give rise to notable changes in the
solidified microstructure, including grain refinement, precipitation of
out-of-equilibrium phases, increased solid solubility and reduced
segregation [2].

However, there are still several technical concerns, involving
important scientific challenges, that limit metal L-PBF application. For
example, the number of metallic powder feedstock alloys that can be
utilized to build defect-free components with high performance is still
very limited. Traditional wrought and cast aluminum alloys are not

optimized for additive manufacturing and in some cases they may not be
printable at all [3]. The physical properties of Al alloys, including a high
tendency to oxidation, high thermal conductivity, and large solidifica-
tion shrinkage, as well as the low flowability and high laser reflectivity
of Al powders, are pointed as major hindrances to AM production of
these materials [4,5].

To date, the Al12Si and AlSi10Mg aluminum alloys have been the
most utilized Al-based L-PBF feedstock because of their good weld-
ability, excellent castability and low shrinkage, resulting from the
presence of a large fraction of Al-Si eutectic [6,7]. The high fluidity
provided by the large Si content facilitates the production of
high-density parts [8,9] whose mechanical performance, however, does
not meet the standards required for structural components, as their yield
and a maximum strengths are considerably lower than those corre-
sponding to high-strength 7xxx and 2xxx wrought aluminum alloys.
Unfortunately, the latter are hardly weldable and thus cannot be utilized
to produce defect-free AM parts [8]. Therefore, the development of new
aluminum alloys for additive manufacturing with high mechanical
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strength appears as particularly desirable and challenging.

Precipitation hardening is one of the most effective mechanisms for
improving the mechanical properties of metallic materials [10]. The
effectiveness of this strengthening mechanism depends on precipitate
characteristics such as the size and shape, the volume fraction, the
spatial distribution with respect to the dislocation glide plane, and the
mechanism by which dislocations and precipitates interact [11]. As
general rule, a high density of incoherent nanometer-sized precipitates
would be most effective in blocking mobile dislocations, thus giving rise
to the highest strengthening rates [12].

Previous studies [13] have shown Cu addition to increase the
strength of foundry Al-Si-Mg alloys, both by its presence in solid solu-
tion, as well as by enhancing precipitation hardening. The most common
precipitates in Al-Si-Mg cast alloys are §”* and/or f phases (precursor of
Mg,Si phases) and 6’ (Al,Cu), S (CuMgAly) or Q (CusMggSigAls) phases,
which may exist in metastable form depending on the processing con-
ditions [14,15]. On the light of these earlier works on cast Al-Si-Mg
alloys, it seems reasonable to hypothesize that the addition of Cu to
AlSil0Mg alloy powders could also enhance the properties of L-PBF
processed parts. Furthermore, it is foreseen that the far from-equilibrium
solidification conditions involved in L-PBF may be exploited to enhance
precipitation hardening [16,17].

The present work aims to study the influence of the addition of Cu to
the AlSi10Mg alloy processed by L-PBF. Pre-alloyed powder, produced
by gas atomization, is utilized in order to avoid the problems associated
to in-situ powder mixing during the printing process. The influence of Cu
addition and the ageing behaviour on the microstructure and Vickers
microhardness of the L-PBF-fabricated AISi10MgCu alloy have been
systematically characterized.

2. Experimental procedure

This work investigates the effect of Cu addition on the printability,
the microstructure and the hardness of an AlSi10Mg alloy processed by
L-PBF. A nominal target Cu amount of 4 wt% was selected, as this
quantity lies below the highest solubility limit of Cu in Al The investi-
gated alloy will be termed hereafter AlSi10Mg—4Cu. Ingots were pre-
pared using high-purity metals (99.9 wt%) by casting in an induction
furnace (VSG 002 DS, PVA TePla). Afterwards, pre-alloyed powder was
obtained by melting and gas atomization using a LEYBOLD gas atomizer
(model VIGA 2S) under argon atmosphere (99.5% purity). The chemical
composition of the atomized powder was determined by inductively
coupled plasma-optical emission spectrometry (ICP-OES). Powders with
sizes between 20 and 63 pm were sieved and selected for subsequent
processing by L-PBF. The particle size distribution of the pre-alloyed
powder was determined using SEM and with the aid of the ImageJ
image analysis software. In addition, the apparent density and the flow
characteristics of the powder were evaluated using a Hall funnel
following the ASTM B-212-17 and ASTM B-213 standards, respectively.

A parameter optimization study was first carried out with the aim of
selecting the L-PBF processing conditions rendering samples with the
highest density. AlSi10Mg-4Cu cubes (10 x 10 x 5 mm®) were built on
top of an inverted pyramidal support to extract them easily from a
reduced build volume platform, using a Renishaw AM400 L-PBF system
(Renishaw plc, UK) equipped with a pulsed laser. The build plate was
preheated at 150 °C. The chamber was prefilled with argon (99.999%
purity) in order to minimize oxygen contamination, and thus the Oy
content was measured to be below 500 ppm during the printing process
using oxygen sensors within the build chamber. In addition, argon gas
flowed across the platform from right to left in order to remove the
spattered particles from the powder bed. Layers with a hatch distance
(h) of 0.12 mm and a layer thickness (t) of 0.03 mm were scanned using a
bidirectional strategy in the scanning plane xy, with z as building di-
rection. Each layer was rotated a fixed angle of 90° with respect to the
previous layer in order to homogenize the effect of the laser path. Eight
sets of samples were manufactured using two laser power (P) values
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(275 W and 350 W) and scanning speed values (v) ranging from 1150 to
1600 mm/s. The eight sets of processing conditions, as well as the
equivalent volumetric energy density (Ev), are listed in Table 1. Ev has
been defined as Ev=P/vth, where P is expressed in W, v in mm/s, and t
and h in mm. v is given by the equation v=PD/ET, where PD (in mm), the
point distance, is the distance between the centre of two consecutive
melting points, and ET (in s) is the laser exposure time on each point
[18]. A PD of 0.08 mm was kept constant in this study. The density of all
L-PBF-built samples was determined by optical microscopy (GX51
Olympus) combined with image processing of cross-sectional micro-
graphs using the AnalySIS docu software (Olympus). At least three op-
tical micrographs corresponding to different sections were analyzed in
order to improve accuracy. The set of P and v rendering the highest
density was thus determined.

Samples processed using the optimum parameter set were aged at
160 °C for 4-20 h and at 180 °C for 2-12 h in a conventional muffle
furnace, in order to investigate the influence of the aging conditions on
the microstructure and on the microhardness.

The microstructure of the atomized powder and of L-PBF-processed
samples was characterized by scanning electron microscopy (SEM),
electron backscattered diffraction (EBSD), and transmission electron
microscopy (TEM). EBSD examination was performed using a field
emission gun (FEG) SEM (Helios NanoLab 600i, FEI) equipped with an
HKL EBSD system, a CCD camera, as well as both the Aztec and the
Channel 5.0 data acquisition and analysis software packages. EBSD
maps were recorded using beam conditions of 15 kV, 2.7 nA, 8 mm
working distance and a step size of 0.28 pm. The average grain size was
calculated by the linear intercept method from inverse pole figure maps
using only GBs with misorientation angles greater than 15°. The pre-
cipitate structure was carefully examined by TEM using a Talos F200X
FEI operating at 200 kV. TEM characterization was performed both in
conventional transmission mode, with a parallel beam, as well as in
scanning transmission (STEM) mode, using high angle annular dark field
(HAADF) imaging. Elemental mapping was also carried out using energy
dispersive X-ray spectroscopy (EDS) in order to investigate the distri-
bution of precipitates and alloying elements both in the atomized
powder and in the L-PBF-produced samples before and after annealing
treatments. Specimens for TEM observation were prepared by ion
milling using a dual-beam SEM-FIB Helios NanoLab 600i, FEI. A
trenching-and-lift-out technique, described in great detail in Ref. [19],
was adopted to extract lamellae, which were thinned down to approx-
imately 50 nm for electron transparency.

The Vickers microhardness (HV) of the as-built and aged specimens
was measured along the building direction with an Emco Test DuraScan
microharness tester, using a constant load of 0.5 kg and a dwell time of
10 s, following the standard UNE-EN ISO 6507-1. At least 10 micro-
hardness indents were performed to calculate the average hardness
value for each investigated condition.

Table 1
Sets of processing parameters utilized for the optimization of the L-PBF process.
Sample P (W) ET (us) V (mm/s) Ev (J/mm®)
1 275 54 1250 61.1
2 275 49 1350 56.6
3 275 45 1450 52.7
4 275 40 1600 47.7
5 350 60 1150 84.5
6 350 54 1250 77.8
7 350 49 1350 72.0
8 350 45 1450 67.0

P: laser power; ET: Exposure time V: scanning velocity; Ev: volumetric energy
density.
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3. Results
3.1. Powder characterization

The actual composition of the atomized powder, measured by
inductively coupled plasma atomic emission spectroscopy, was Al-
10.43 wt% Si-0.31 wt% Mg-5.34 wt% Cu. The average apparent density
and the flowability of the powder were 1.5340.01 g/cm® and 76+3 s,
respectively. These properties, which control powder spreading and thus
have a great influence in the porosity of the printed parts [4], are similar
in magnitude to those previously reported for Al alloy powders [20,21].

The morphology, size, and microstructure of the atomized powder
were carefully characterized by SEM and TEM (Figs. 1 and 2). Most
powder particles exhibit a near-spherical shape with a minor fraction of
satellites (Fig. 1a). This morphology is expected to positively affect the
process of L-PBF, as it favors efficient powder packing and enhances
flowability [20]. As shown in Fig. 1b, the average particle diameter was
approximately 52 pm, with D10, D50 and D90 values of 31.8, 52.5, and
68.8 pm, respectively. The SEM micrographs of Fig. 1c and d, that
illustrate cross-sections of several particles, show no internal entrapped
gas or porosity, which if present could negatively contribute to the
formation of cracks or defects. The microstructure of the particles con-
sists of eutectic Al-Si («-aluminum) cells, approximately 3-5 pm in size
(Figs. 1d and 2a). The HAADF-STEM micrograph, and the corresponding
elemental map, shown in Fig. 2b and c, respectively, reveal that the
intercellular regions are populated by Si- and Cu-based particles that
grow adjacent to each other. High resolution TEM imaging of the
aluminum matrix (Fig. 2d) confirms the absence of particles at the cell
interiors.

3.2. Microstructure of L-PBF-built AlSi10Mg—4Cu specimens

A L-PBF parameter optimization analysis was carried out with the
aim of selecting the laser power and scanning velocity values that pro-
duced specimens with the highest density. The eight combinations of
processing parameters utilized are summarized in Table 1. This pro-
cessing window was selected as earlier studies [7] determined that low
energy density (<50 J/mm?) leads to high porosity due to insufficient
melting, and that energy density values higher than ~80 J/mm® pro-
duce an increase in the content of defects, such as keyhole pores, due to
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vaporization. Fig. 3 consists of several optical micrographs illustrating
the cross-section of the as-built AlSi10Mg-4Cu cubes printed using the
eight different combinations of P and v, as well as the corresponding
density values. In general, a relatively high density, exceeding 99.55%,
was achieved irrespective of the processing conditions. The highest
density (99.82%) was obtained using P = 350 W and v = 1350 mm/s.
Decreasing P and/or increasing v resulted on the formation of larger
keyhole pores, with irregularly shapes, which originate from the
incomplete filling of gaps with molten metal during rapid solidification
[22]. At v < 1350 mm/s, and P = 350 W, the presence of some round
metallurgical pores could be attributed to some degree of instability
during the solidification process due to the high Ev. Fig. 4 shows that the
highest sample densities are in general obtained for Ev values ranging
from 60 to 75 J/mm°®. This observation agrees with earlier studies [23],
which have reported similar optimum Ev values in pure Al, and in Al-Si
and Al-Mg alloys. In summary, from the present parameter optimization
study a laser power of 350 W and a scanning velocity of 1350 mm/s (Ev
=72 J/mm3) were selected.

The microstructure of the as-built AlSi10Mg-4Cu alloy, processed
using the selected L-PBF parameter set, was formed by grains elongated
along the building direction, as shown in Fig. 5, and with a very weak
texture. Figs. 6-8 contain several representative SEM and S/TEM mi-
crographs illustrating the microstructure of these as-built specimens at
higher magnification. Fig. 6a reveals, in particular, the presence along
the xy plane of arrays of melt pools lying at right angles with respect to
each other. The melt pool thickness, measured from xz cross-sections
(pictures not included), was, on average, approximately 100 pm.
Fig. 6b and c (SEM) and 7a (TEM) depict the fine microstructure
resulting from L-PBF processing, which is formed by cells with diameters
between 400 and 500 nm and with boundaries decorated with particles.
It must be noted here that the cell size in the L-PBF processed samples is
significantly smaller than that observed in the powder particles (Figs. 1
and 2). This observation is consistent with the presence of higher so-
lidification rates during AM processing than during gas atomization.
Fig. 7c confirms the presence of Si- and Cu-rich particles at the inter-
cellular regions. These two types of particles appear to grow adjacent to
each other, and no particles containing both Cu and Si are clearly
distinguishable. Fig. 8 reveals, additionally, that the cell interiors are
populated with numerous nanoscale Al,O3 oxides (average size smaller
than 10 nm), probably as a consequence of the presence of a small
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Fig. 1. (a) SEM micrograph illustrating the morphology of AlSi10Mg-4Cu powder particles; (b) particle size distribution; (c,d) SEM imaging of particle cross-sections

at different magnifications.
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Fig. 2. TEM examination of the microstructure of the AlSi10Mg-4Cu powder particles. (a) Bright field image; (b) HAADF-STEM image; (c) Al, Si, Cu elemental maps
corresponding to the area depicted in (b); (d) HRTEM micrograph at high magnification showing absence of precipitates inside the matrix. The zone axis is <001>.

P
(w)
99.75 99.55 v 99.58 99.71
275 .
4 P o 4
99.74 99.66 99.82 99.64
350 . , , ' >00 um %
== ; = == 3 —
1150 1250 1350 1450 1600 v (mm/s)

Fig. 3. Optical micrographs illustrating cross sections of the as-built AISi10Mg—4Cu cubes, obtained using eight combinations of laser power and scanning velocity

values, and the corresponding bulk densities.

proportion of oxygen inside the process chamber, as well as with Si, Mg
and Cu in solid solution.

3.3. Effect of heat treatments

Selected AlSi10Mg+4Cu samples processed using the selected L-PBF
parameters were aged at 160 and 180 °C for different holding times.
Fig. 9 depicts the evolution of the Vickers microhardness, measured on
the xz plane, during aging. While the microhardness of the as-built parts

amounts to 156+2 HV, the peak-aged microhardness values are similar
to those reported for the high-strength wrought Al 7075 alloy in the T6
condition (175-180 HV) and considerably higher than those reported
for the Al 2024-T3 (140-145 HV) [24]. In particular, at 180 °C a
maximum microhardness of 175+3 HV is achieved after 4 h, while at
160 °C a maximum microhardness of 183+3 HV is achieved after 16 h.

As exemplified in Fig. 10, which corresponds to a specimen peak-
aged at 160 °C for 16 h, aging did not lead to any significant changes
in the grain size and in the texture with respect to as-built specimens
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Fig. 4. Density of as-built A11Si0Mg+4Cu specimens as a function of the en-
ergy density.

(Fig. 5). The average grain size, measured by the linear intercept method
along the x and z directions from the corresponding EBSD maps was 3.0
+ 2.6 pm and 4.4 + 4.2 pm, respectively, for the as-built condition, and
3.0 &+ 2.8 pm and 4.7 + 6.8 pm for the heat treated. This agrees with
earlier studies [25,26], which have shown that the grain size and the
texture of L-PBF-processed Al-Si alloys remain unchanged even after
annealing at 530 °C for 6 h, probably due to the pinning effect exerted by
the intercellular eutectic Si phase. Our study revealed additionally, that
aging did not change the as-built cellular structure. Fig. 11 contains
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several bright field TEM micrographs showing the cell structure corre-
sponding to samples aged at 160 °C for 16 h (Figs. 11a), 180 °C for 4 h
(Figs. 11b), and 180 °C for 12 h (Fig. 11c). In all cases, the cell size
remains approximately equal to 400-500 nm, as in the as-built speci-
mens (Fig. 7a).

The precipitate distribution, however, changed significantly with the
heat treatment conditions. Figs. 12-15 present an exhaustive TEM
characterization of these precipitates after peak-aging at 160 °C for 16 h
(183 HV) (Figs. 12 and 13), as well as after peak-aging at 180 °C for 4 h
(175 HV) (Fig. 14) and following overaging at 180 °C for 12 h (167 HV)
(Fig. 15). All the images have been taken along <100> directions of the
Al matrix. After aging at 160 °C for 16 h the cell interiors become
populated with a homogeneous distribution of fine Si-based nano-
precipitates (Fig. 12), in the form of plates parallel to {001} planes and
approximately ~5 nm in thickness and ~10-15 nm in length. These
nanoprecipitates consume the solute Si in the a-Al matrix and are also
present in L-PBF-produced AlSi10Mg after heat treatments [27]. In
addition, as shown in Fig. 13, a dispersion of extremely fine rod-like
precipitates, approximately 5 nm in length and only one atomic layer
in thickness, which in general lie parallel to <001> directions of the Al
matrix, are observed to nucleate in the vicinity of the nano-sized Si
precipitates. These very fine precipitates have been identified as Cu-rich
GP-I zones by EDX analysis (Fig. 13f) [28]. A similar nanoprecipitate
distribution, albeit with slightly larger nanoparticles, was observed in
the sample aged at 180 °C for 4 h (Fig. 14). In this specimen, the
plate-shaped Si nanoprecipitates have an average diameter of ~20-30
nm and the monoatomic Cu-rich layers (GP-I zones), which again tend to
precipitate close to Si nanoparticles, are about 10-20 nm in length. In
the overaged condition (180 °C for 12 h, Fig. 15) the density of the
nanosized Si precipitates is significantly smaller than in the condition
that gave rise to the maximum microhardness values (Figs. 12 and 13)

Fig. 5. Microstructure of the as-built A1Si10Mg+4Cu alloy. (a) EBSD IPF map taken along the xz plane and illustrating the orientation of the building direction,
where high angle boundaries (6 > 15°) are colored in black; (b) inverse pole figures.

Fig. 6. SEM micrographs illustrating the microstructure of as-built AlSi10Mg+4Cu specimens along the (a) xy and (b,c) xz planes.
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Fig. 7. TEM examination of the microstructure of the as-built A1Si10Mg-4Cu alloy. (a) Bright field image; (b) HAADF-STEM image; (c) Al, Si, Mg, and Cu elemental

maps corresponding to the area depicted in (b).

Fig. 8. TEM examination of the microstructure of the as-built AlSi10Mg-4Cu alloy. (a) Bright field image; (b) HAADF-STEM image; (c—f) Al, Si, Mg, and Cu elemental

maps corresponding to the area depicted in (b).

and the diameter of the Si nanoparticles increases to about 40-50 nm. In
addition, a large fraction of coarser disk shape precipitates, lying par-
allel to the <001 > direction of the Al matrix and with an average length
of around 60 nm, can also be observed. The precipitation sequence in the

Al-Cu alloy is GP-I (monoatomic Cu layer)>GP-II (two monoatomic Cu
layers separated by 3 Al layers)> 6°" (Al3Cu) (Cu and Al multilayers)>
semi-coherent 6’ > incoherent 6 phase (AloCu) [28]. The Cu precipitates
observed in the overaged condition, highlighted with arrows in Fig. 15d
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Fig. 9. Vickers microhardness (0.5 kg, 15 s) vs. treatment time corresponding
to the as-built AlSi10Mg+4Cu alloy after aging at 160 and 180 °C.

and e, were identified as 6 (Al3Cu) [28,29], as they are observed to be
coherent with the matrix and to contain several atomic layers. It is
noteworthy that, systematically, all the Cu-rich precipitates were found
to lie adjacent to the Si-rich particles.
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4. Discussion
4.1. Effect of rapid solidification

The rapid solidification conditions inherent to the L-PBF process give
rise to distinct microstructural characteristics in the investigated alloy.
First, the as-processed AlSi10Mg+4Cu samples possess a high intracel-
lular dislocation density, as shown in the bright-field TEM micrographs
displayed in Fig. 16a and b. This high dislocation density can be
attributed as well as to the mismatch of thermal expansion coefficients
of the Al matrix and of the Si-based crystals in the eutectic region [30,
31]. Second, it can also be observed in Fig. 16b and c that the Si-based
particles are populated with lamellar nanotwins which, according to
earlier studies, can only be found under rapid solidification conditions
[32]. Third, our research confirms the presence of a supersaturated solid
solution of Si and Cu atoms in the a-Al matrix of the as-built samples. It is
well known [33,34] that the solubility of Si in the Al lattice, which is
1.65 wt% at the eutectic temperature, is extended in L-PBF Al-Si alloys
to 7 wt%. A higher Cu solubility limit has been also reported for a rapidly
solidified AA2024 alloy [35]. In fact, the anomalously high strength of
Al-Si based alloys fabricated by selective laser melting (SLM) has been
often attributed to the development of a supersaturated solid solution of
the a-Al phase [25]. Finally, rapid solidification also contributes to
accelerate precipitation. Note that the range of aging temperatures
(160-180 °C) considered in this study leads to the peak-aged condition in
Al-Cu alloys [29]. Under equilibrium conditions, as those prevalent
during conventional casting of Al-Cu alloys [29], the multilayer 6"
(Al3Cu) precipitates form only after 120 h of aging at 180 °C while in the

Fig. 10. Microstructure of the AlSi10Mg+4Cu alloy, processed by L-PBF and then peak-aged at 160 °C for 16 h. (a) EBSD IPF map taken along the xz plane and
illustrating the orientation of the building direction, where high angle boundaries (6 > 15°) are colored in black; (b) inverse pole figures.

Fig. 11. TEM micrographs illustrating the cell structure corresponding to samples aged at (a) 160 °C for 16 h; (b) 180 °C for 4 h; (c) 180 °C for 12 h.
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Fig. 12. Precipitation in the AlSi10Mg+4Cu alloy following peak-aging at 160 °C for 16 h (183 HV). (a) Bright field TEM showing a general view of the grain
interior; (b—c) HRTEM micrographs of selected plate-shaped particles; (d) HAADF-STEM image of a plate-shaped particle; (e-g) Si, Mg, and Cu elemental maps
corresponding to the particle shown in (d). The zone axis is <001>.

Fig. 13. Precipitation in the AlSi10Mg+4Cu alloy following peak-aging at 160 °C for 16 h (183 HV). (a) HRTEM micrograph illustrating coherent GP zones; b) bright
field TEM micrograph illustrating coherent GP zones (red arrows) nucleating in the vicinity of Si-based particles; (c) HAADF-STEM image illustrating coherent GP
zones; (d-f) Si, Mg, and Cu elemental maps corresponding to the area depicted in (c). The zone axis is <001>. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 14. Precipitation in the AlSi10Mg-+4Cu alloy following peak-aging at 180 °C for 4 h (175 HV). (a) Bright field TEM image showing an overview of the pre-
cipitate distribution at the cell interiors; (b-d) HRTEM images illustrating a more detailed view of Si-based nanoprecipitates and Cu-based GP zones. The zone axis

is <001>.

L-PBF-processed specimens of this study they were observed already
after 12 h at this temperature (Fig. 15). It is our contention that the
presence of a high dislocation density and of a supersaturated Al matrix
phase enable faster diffusion of the elements [36], accelerating the
precipitation kinetics during annealing treatments at conventional aging
temperatures.

4.2. Effect of Cu

The hardness values typical of L-PBF-built AlSi10Mg (without Cu)
alloys range from 105 to 133 HV [8]. In general, it has been extensively
reported [25,37,38] that these values decrease after aging due to a loss
of Si solute in the a-Al matrix. Our results prove that L-PBF-processing
and aging of an AlSi10Mg alloy with 4 wt% of Cu leads to microhardness
values (175-183 HV) that are comparable to those obtained in structural
high strength 7xxx Al alloy series after a T6 hardening treatment
(175-180 HV).

In the following, the outstanding hardness values obtained as a result
of Cu alloying are rationalized based on the microstructural changes
induced by the addition of this element. In order to facilitate this anal-
ysis, Fig. 17 illustrates the microstructure of an AlSi10Mg alloy (without
Cu), processed by L-PBF using similar processing parameters as those
selected for the present study, and aged at the conditions at which the
highest hardness values were obtained in the AlSi10Mg-4Cu alloy
(160 °C, 16 h), with an average microhardness value 140+6 HV. First, it
can be seen that alloying with Cu leads to a reduction of the a-Al cell
size, from 1.5 pm (Fig. 17a) to 400-500 nm (Fig. 11). This suggests that
the observed Cu solute partitioning to the cell boundaries during AM

processing contributes to their refinement. Additionally, Fig. 17 reveals
that the size of the Si-rich nanoprecipitates found in the cell interiors
after aging in the alloy without Cu ranges from 20 to 100 nm, while the
diameter of these nanoparticles was approximately 10-15 nm in the Cu-
containing alloy (Fig. 12). The addition of Cu, thus, leads to a reduction
of the size and an increase in the density of Si-rich nanoparticles. It is our
contention that the precipitation of Cu GP-I zones, observed under peak-
aged conditions, favors the precipitation of a high density of nanosized
Si-based particles, and that the former contribute to increase the number
of nucleation sites. Nucleation of precipitates at GP zones has proved to
be an excellent means of obtaining a fine and uniform dispersion of
precipitates [39]. This phenomenon has been observed in a number of
aluminum alloys, including Al-Zn, Al-Cu, Al-Zn-Mg and Al-Mg-Si.
However, since GP zones are coherent, they can be easily sheared by
dislocations [40], and thus it is expected that the Cu-rich precipitates
would have a minor contribution to the strength of the alloy.

In summary, this research suggests that the outstanding hardness
values obtained in the L-PBF-processed AlSil0Mg-4Cu alloy with
respect to its Al-Si10Mg counterpart may be explained by the presence
of a reduced cell size, a higher density of smaller nanosized precipitates,
as well as, to a smaller extent, of shearable Cu-based GP zones.

5. Conclusions

The aim of the present study was to design and characterize a high
strength L-PBF-processable Al-Si alloy. With that purpose, 4 wt % of Cu
was added to an AlSi10Mg alloy and both the microstructure and the
microhardness were evaluated following L-PBF processing and aging at
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Fig. 15. Precipitation in the AlSi10Mg+4Cu alloy following overaging at 180 °C for 12 h (167 HV). (a) Bright field TEM image showing an overview of the pre-
cipitate distribution at the cell interiors; (b) HAADF-STEM image of the precipitate distribution; (c) Si and Cu elemental maps of corresponding to the area depicted in
(b); (d) HAADF-STEM image illustrating the presence of Al;Cu precipitates; (¢) HRTEM image of selected precipitates. The zone axis is <001>.

Fig. 16. Bright field TEM micrographs at different magnifications corresponding to the as-built AlSi10Mg+4 wt%Cu sample showing (a,b) a high density of dis-
locations due to the rapid solidification and (b,c) twinning of the Si-based particles.

different temperatures using a wide range of characterization tech-
niques. The following conclusions may be drawn from this study:

supersaturated (Si, Cu, Mg) equiaxed a-Al cells (~400-500 nm in
size) surrounded by fine eutectic Si and Cu-rich particles, segregated
to the intercellular regions.

1. A pre-alloyed powder with a nominal composition of AlSi10Mg+4Cu 3. A peak-aged microhardness value comparable to that of the high-

was produced by gas atomization, with a near-spherical shape,
flowability and apparent density similar to those previously reported
for Al alloy powders. The microstructure of the powder consisted on
Al-based cells whose boundaries were populated with Si- and Cu-
based particles.

. Crack-free and dense AlSi10Mg+4Cu samples, with a relative density
of 99.82%, were fabricated following a L-PBF parameter optimiza-
tion process. The resulting microstructure consisted of

10

strength wrought Al 7075 alloy, in the T6 condition, was obtained
in the L-PBF-processed AlSi10Mg+4Cu alloy following aging at
160 °C for 16 h. The outstanding hardness achieved is mainly
attributed to the beneficial effect of Cu in, simultaneously,
decreasing the cell size and the size of the nanosized Si-based pre-
cipitates at cell interiors.
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Fig. 17. Microstructure of an AlSi10Mg alloy following L-PBF processing using the selected processing parameters and aged at 160 °C for 16 h (140 HV) (a—c) Bright
field TEM micrographs at different magnifications; (d) HAADF-STEM micrograph and (e-g) the corresponding Al, Si, and Mg elemental maps.

4. Cu-based GP zones, which precipitate under peak-aging conditions,
appear to act as precursors of nanosized Si-based particles at cell
interiors.

5. The results of this study provide new guidelines for the development
of AlSi10MgCu alloys for the reliable production of structural com-
ponents by additive manufacturing under similar processing
conditions.
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