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• AlSi9Cu3 alloy was produced by selec-
tive laser melting.

• Process optimization allowed to obtain
fully dense samples, with a limited
amount of defects.

• The high cooling speed induced a refine-
ment of microstructure and influenced
the precipitation processes.

• The mechanical properties of SLMed
alloy are higher than the ones of the
cast alloy.

• Heat treatment allowed to obtain a bal-
anced set of mechanical properties
thanks tomicrostructuralmodifications.
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The present work explores the possibility of employing the selective laser melting technique to produce parts in
AlSi9Cu3 alloy. This alloy, currently prepared by high-pressure dye casting and intended for automotive applica-
tion,may benefit from the refinedmicrostructure commonly induced by additivemanufacturing techniques. The
process parameters were systematically varied to achieve full density, and the resulting defects were studied.
Thereafter, microstructural features were analyzed, revealing that the high cooling rate, induced by the process,
caused a large supersaturation of the aluminum matrix and the refinement of the eutectic structure. Again, the
precipitation of the reinforcing θ phase provided numerous nucleation sites. These features were found to be re-
lated to themechanical behavior of the SLMed AlSi9Cu3 alloy, which outperformed the conventional casted alloy
in terms of elongation to failure and strain hardening rate both in the as-built and heat treated conditions.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In the last fewdecades, the use of aluminumalloys in the automotive
industry has become of paramount importance in view of the need to
reduce weight and thus obtain increased performances and reduced
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Table 1
Chemical composition of the utilized powder, as measured by ICP.

Al Si Cu Fe Mg Ti

Wt.% Bal. 8,92 2367 0,339 0,028 0,007
Std dev. 0,625 0,106 0,001 0,009 0,0005
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fuel consumption. Among the used alloys, those based on the Al–Si–Cu
system have attracted considerable interest owing to their widespread
use in engine parts, in particular for thin-walled parts that are subjected
to dynamic loading, such as cylinder heads [1]. The presence of silicon
helps in reducing the melting temperature and in increasing the melt
fluidity, thus making casting easier [2]. On the other hand, copper and
possibly other alloying elements such asMg improve themechanical re-
sponse of thematerial by solid solution and precipitation strengthening
[3]. Among the alloys belonging to this system, the AlSi9Cu3 (wt%) alloy
is a widely used one, usually processed by pressure die casting (PDC) or
high-pressure die casting (HPDC) [4]. However, these production pro-
cesses are known to possibly induce a number of defects, consisting of
porosities, oxide layers, and blistering, which limit the possible applica-
tions of the produced parts [5,6]. In this respect, the possibility of
employing different production techniques to synthesize the AlSi9Cu3
alloy looks extremely interesting. Selective laser melting (SLM), which
belongs to a broad family of additive manufacturing (AM) technologies,
has already foundwidespread use in both industrial and research fields
and may be considered as a relatively mature technology [7–9]. In this
light, the employment of SLM for manufacturing AlSi9Cu3 components
may prevent some casting-induced defects and additionally provide
several advantages, including greater design freedom, production flexi-
bility, and integration of localized functionalities. Again, SLM induces an
extremely fine microstructure, which positively affects the mechanical
performances of the resulting product [10,11]. Fousova et al. [12] re-
ported a successful attempt at producing AlSi9Cu3Fe alloy by SLM;
they performed a deep microstructural analysis and compared the ob-
tained results with the characteristics of the same alloy produced by
HPDC. However, no optimization of the process parameters was re-
ported, and, therefore, further studies appear to benecessary.Moreover,
Pozdniakov et al. [13] synthesized a similar AlSi11CuMn alloy by SLM
and obtained excellent strength but poor elongation to failure. Finally,
Yamasaki et al. [14] studied the addition of different amounts of Fe to
an AlSiCuMgNi alloy to improve its high-temperature mechanical
properties.

The present experimental work provides further advancements in
the knowledge of SLM of AlSi9Cu3 as a valid alternative to traditional
processing methods and enables the production of three-dimensional
light parts. In this light, a comprehensive technological approach has
been implemented along with metallurgical correlations. First of all,
the process parameters were varied to obtain optimal density and the
resulting defects were studied. Defects analysis was performed by cou-
pling density measurements, done by applying Archimedes's method,
with computed tomography (CT), to guide the process optimization.
Thereafter, the obtained SLMed alloy was analyzed microstructurally
and its thermophysical behavior was studied kinetically, to understand
and effectively exploit the precipitation of the reinforcing phases. Fi-
nally, the mechanical properties were evaluated and found to be more
advance than those that could be obtained by conventional production
methods. Moreover, a conventional thermal treatment, based on solu-
tion treatment and ageing (T6), was implemented in order to investi-
gate the evolution of mechanical properties upon exposure to high
temperatures andwhether thedevelopment of dedicated thermal treat-
ments is required.

2. Materials and experimental procedure

The primary AlSi9Cu3 (wt%) samples were produced from gas-
atomized powder (supplied by LPW Technology, Ltd.), which exhibited
the composition reported in Table 1, as determined by inductive
coupled plasma (ICP) measurements. The powder, whose morphology
is shown in Fig. 1a, had a size range of 20–63 μm. It should be noted
that its shape is not perfectly rounded, displayingmany satellites and ir-
regularities, which may constitute a serious impedance to the acquisi-
tion of fully dense parts. The powder microstructure, resulting from
the X-ray spectrum reported in Fig. 1b, is mainly composed of an α-Al
matrix (face-centered cubic, FCC) and of eutectic Si (FCC) and Al2Cu
(body-centered tetragonal) phases. The formation of the two eutectic
phases was made possible by the relatively low cooling rate experi-
enced by the powder particles during their production.

A Renishaw AM400 machine, based on a 400-W pulsed wave fiber
laser and equipped with a reduced build volume, was used to produce
different types of samples: small prisms for process optimization, rect-
angular bars for microstructural analysis, and 2-mm-thick laminas,
lying in the sagittal plane, for tensile testing, as depicted in Fig. 1c. The
schematics of the temporal and spatial distribution of the laser pulses
are shown in Fig. 2a–b, respectively [15]. The use of different built sam-
ples was driven as function of the type of characterization; in fact, it is
known that the geometry and size of the samples may affect the defects
in SLM process [16,17].

In this work, laser power and exposure time were varied, accord-
ing to the full design of the experiments, whereas the other process
parameters were fixed, as listed in Table 2. The standard scanning
strategy, namely, meander, was used to produce the samples (see
Fig. 3): (i) the hatching was performed using a meander path, in
which the investigated process parameters were changed, according
to Table 2; (ii) the contour was performed with the standard indica-
tors reported by the SLM producer. Each scanning layer was rotated
by 67° with respect to the previous one, and the scheme was re-
peated every 180 layers.

Part density was measured by Archimedes's principle using a
Gibertini E50S2 precision digital balance and considering a full density
of 2.75 g/cm3, as reported in the technical datasheet of the powder. X-
ray CT was performed on selected prisms using a Phoenix v|tome|x M
300 CT system (Baker Hughes) to highlight the types of defects within
the entire volume of the samples.

Some of the samples built with optimized parameters were sub-
jected to a conventional T6 treatment, based on solution treatment at
470 °C for 6 h, quenching and isothermal ageing at 160 °C for 24 h. Tem-
peratures and durations of the performed treatments were chosen ac-
cording to the results reported in [18].

Morphological analysis was carried out using an optical microscope
(Leitz Aristomet) on both the xy and the xz sections to reveal themicro-
structure and defects of the samples. In-depth microstructural analyses
were performed using an X-ray diffractometer (Panalytical X'Pert Pro
using Cu Kα radiation operating at 40 kV and 30 mA on the xy surfaces
of the samples in the 2theta range of 20°–120°) and a scanning electron
microscope (SEM, mod. Leo 1413 operating at 20 kV). All microstruc-
tural observations were done on finely polished sections etched with
Keller's reagent.

Thermal analyses were carried out by differential scanning calorim-
etry (DSC) using a SeikoDSC220C apparatus in a flowingnitrogen atmo-
sphere. Continuous heating experiments were carried out at
temperature ranges of 0 °C–550 °C at four heating rates of 5 °C/min,
10 °C/min, 15 °C/min, and 20 °C/min, respectively. The kinetics of the
precipitation reactions were evaluated according to the Kissinger
method and were double checked by the Friedman method, according
to the procedures thoroughly described in the Supporting Material sec-
tion [19–22].

Tensile tests were performed according to the E8/E8M-11 ASTM
standard on sub-sized specimen with a crosshead speed of 0.5 mm/
min (3.3 10−4 s−1) using an MTS Alliance RT/100 universal testing ma-
chine at room temperature. At least three samples per condition were
tested.



Fig. 1. SEM image (a) and XRD spectrum (b) of the AlSi9Cu3 powder; schematic of the built samples (c).
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3. Results and discussion

3.1. SLM process optimization

The total energy transferred by the laser to the powder during pro-
cessing may be described by a volumetric energy density (Ψ), whose
expression for a pulsed wave laser in the absence of base-plate
preheating is [10].

Ψ ¼ P � texP
ⅆp � ⅆh � s

ð1Þ
where P is the laser power, texp is the exposure time, d is the point dis-
tance, s is the hatch spacing, and h is the layer thickness.

Identification of the feasibility window was performed by consider-
ing themain process parameters (power and exposure time), which are
representative of the PW emission mode, aimed at the maximization of
the relative density. Fig. 4 shows the effect of the energy density on the
densification of the AlSi9Cu3 powder. In detail, the effect of exposure
time is highlighted by different curves. Each curve represents the typical
evolution of the Ψ on the relative density of a SLMed part: it is usual to
observe a rapid increase in the relative density up to itsmaximumvalue
and then a soft decrease with a limited slope for higher values of Ψ.
From a qualitative point of view, this trend fits well the typical ones



Fig. 2. Schematic of the temporal power profile and spatial pulses path (b) in SLM performed with PW emission mode [15].
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revealed during the SLM process optimization for a variety of different
materials [23]. The effect of exposure time on the relative density is a
shift of the curve peak toward higher energy densities, as a function of
the range of investigated values of Ψ (see Fig. 4).

In the case of the AlSi9Cu3 alloy, a steep increase in the relative den-
sity up to 99.2% was detected with increasing values of Ψ up to
45.3·109 J/m3, which corresponds to the process condition (P =
275 W; texp = 40 μs). For higher energies, the relative density started
to slowly decrease again.

This can usually be explained by considering that low-energy inputs
cause defects, such as unmelted powders, due to lack of fusion, whereas
high-energy ones induce porosity, correlated to gas entrapment and po-
tential local vaporization of elements. The different nature of the de-
fects, which can be located in different regions in the relative density
evolution shown in Fig. 4, can be explained by the energy required by
the material to allow its melting and its partial vaporization, according
to the following equation:

E ¼ A � ρ � Cp � TM−Ti½ � þ LM þm0 � LV
� � ð2Þ

where A is the absorption coefficient; r is the density; Cp is the thermal
capacity; TM and Ti are the melting and initial temperatures, respec-
tively; LM and LV are the latent heat of melting and vaporization, respec-
tively; and m' represents the percentage of liquid material that is
subjected to vaporization, if present.

The system between Eqs. (1) and (2) represents the correlation be-
tween the volumetric energy density, which is characteristic of the de-
fined process condition, and the energy required by the alloy for its
melting and, eventually, for its partial evaporation (m′ N 0). In the case
of lack of fusion or formation of gas pores, Ψ would be lower or higher
than E, respectively. This behavior is well confirmed by the results ob-
tained by combining the CT scans and themetallurgical sections. In par-
ticular, three process conditions, fitting the investigated range of Ψ
values, were analyzed. Fig. 5 show images of the entire xy view of the
samples, obtained from CT, and its magnification, acquired with optical
Table 2
Varied and fixed process parameters.

Varied parameters Power [W] 175-200-225-250-275
300-325-350-375-400

Exposure time [μs] 20–30–40-50-60
Fixed parameters Hatch distance [μm] 90

Point distance [μm] 90
Laser spot size [μm] 65
Atmosphere Ar
Thickness layer [μm] 30
Platform temperature [°C] 30
microscopy (OM), respectively. Moreover, a quantitative analysis of the
defects is reported in Fig. 6, where the characteristic diameter–
sphericity trend is shown. Table 3 reports the process parameters used
and the comparison of relative density values, measured via
Archimedes's method and CT scans.

Fig. 5a confirms that a large number of defects are present, mainly
located in the central part of the sample, that significantly reduce the
relative density to below 97%. The mechanism of defect formation is as-
sociated with the lack of complete fusion due to the insufficient energy
(Ψ=28.8·109 J/m3) provided by the laser scan to the AlSi9Cu3powder,
as confirmed by the OM image in Fig. 5b. In Fig. 6a, a quadratic trend of
the diameter–sphericity ratio of the detected defects can be seen. In de-
tail, in the first area of the plot (indicated as Region 1), large defects, in
the range 0.3–2 mm, are characterized by a low sphericity. These elon-
gated and irregular voids are associated with the lack of fusion oriented
along a preferential direction, related to the laser scanning. A limited
percentage of the detected defects have a small size, up to 0.4 mm,
and their shape is more circular, located in Region 2. This type of defect
is due to the incompletefill of the liquidmaterial in the space among ad-
jacent powders.

With increasing energy density, the powder receives more energy
for the formation of amore uniform and stable liquid pool, which allows
Fig. 3. Scanning strategy, namely meander, used during the SLM experiments.



Fig. 4. Evolution of the relative density as function of energy density Ψ.
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for an increase in the relative density of the SLMed part. At Ψ =
45.3·109 J/m3, corresponding to the peak indicated by the curve in
Fig. 4, few and small-sized pores can be detected by CT scan (Fig. 5c)
and confirmed by the OMmicrograph: only spherical pores can be ob-
served. Fig. 6b indicates that smaller defects with an almost spherical
shape are generated. The area in the plot of Fig. 6b is overlapped in Re-
gion 2with the defects generatedwith a lowΨ value. It can be expected
that the pores characteristic of Region 2 should be the least dangerous
among the geometrical defects, as their limited dimensions and high
sphericity could reduce the stress concentrations in terms of fatigue
Fig. 5. Analysis of defects, by CT and OM respectively, of samples manufactured with differe
92.6·109 J/m3 (e–f).
issues. However, the size and shape are equivalent and, therefore, they
are associatedwith the samemechanismof defect formation. According
to these different defect distributions, CT analysis allowed to determine
an increase in the relative density from 96.7% up to 99.9% (see Table 3).

With the further increase in Ψ up to 92.6·109 J/m3, the liquid pools
become less stable and potential evaporation of elements having a low
boiling point can occur. Moreover, gas entrapment within the liquid
pool during its solidification can lead to the formation of spherical
pores. In this case, CT scan indicates that the porosity is located mainly
in proximity to the sample border (see Fig. 5e), whereas the central
part looks almost fully dense (around 98%). As depicted in Fig. 6c, the
shape of these pores looks spherical as the pores were generated with
Ψ = 45.3·109 J/m3, although their size increased, probably because of
the larger amount of material that vaporized during the SLM process
and because of the higher shielding gas entrapment during the solidifi-
cation of the liquid pool.

3.2. Compositional and microstructural characterizations

The composition of the as-built samples was determined by ICP
measurements and is reported in Table 4. An overall reduction in the
amounts of alloying elements with respect to those measured in the
fresh powder is apparent. This decrease heavily affected the trace ele-
ments, making their abundance practically negligible. The alloy can
thus be rightfully considered as a primary AlSiCu one. The X-ray spec-
trum reported in Fig. 7 is mainly characterized by α-Al and eutectic Si
peaks. Moreover, it also shows the presence of a the Al2Cu phase,
whose amount seems anyway smaller than the one revealed in fresh
powder. Even under high cooling rates typical of the SLM process, the
formation of a limited amount of Al2Cu secondary phase was allowed.
Its dimensions are likely limited, since no such phase could be found
during SEM inspection of the considered samples. Their presence is
nt energy density values: Ψ = 28.8·109 J/m3 (a–b); Ψ = 45.3·109 J/m3 (c–d) and Ψ =



Fig. 6. Diameter-sphericity trend measured through CT scans of built samples
manufactured with different energy density values: Ψ = 28.8·109 J/m3 (a–b); Ψ =
45.3·109 J/m3 (c–d) and Ψ = 92.6·109 J/m3 (e–f).

Table 3
Comparison between the density values obtained through Archimedes's method and through

Power [W] Exposure time [μs] Ψ [J/m3]

350 20 28,8·109

275 40 45,3·109

375 60 92,6·109

Table 4
Chemical composition of the as built samples, as measured by ICP.

Al Si Cu Fe Mg Ti

Wt.% Bal. 7291 2317 0,065 0,003 0,009
Std dev. 0,175 0,129 0,001 0,002 0,001
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however confirmed by the results reported by Fousova et al. [12], who
recognized the presence of particles with Al2Cu composition thanks to
EDS analysis coupled to TEM observations.

Optical micrographs of the as-built samples, along both the xy and
the xz planes, are reported in Fig. 8a and b, respectively. As typical of
SLM-built parts, the samples are composed of superimposed melt
pools, which appear as elongated bands in the xy plane and as semi-
circular in the xz one (parallel to the building direction). The dimen-
sions of the melt pools (113.2 ± 8.2 μm in width; 31.9 ± 6.7 μm in
height) appear to be consistent with the processing parameters used
(see Section 2) and with the previous results on other Al-Si alloys proc-
essed by the same SLM apparatus [10]. At higher magnification (Fig. 8c
and d), the cellular aluminum–silicon eutectic structure is evident, com-
prising a supersaturated α-Al matrix and an almost continuous Si-rich
network. As a consequence of the overlapping of successive laser
scans, an alternation of fine fusion zones and coarse heat-affected
zones arises. The average dimension of the network cell in the fine fu-
sion zone in the xy plane was evaluated by the Heyn linear intercept
method (ASTME112), and the resultwas 658±26nm,which is slightly
larger than the value reported in [24] for a SLMed AlSi10Mg alloy pro-
duced by a similar Renishaw AM250 apparatus.

In Fig. 9, the DSC curve of the as-built sample, recorded at 10 °C/min,
is reported and the revealed exothermic phase transformation peaks are
marked by capital letters (A, B, C, and D). According to previous litera-
ture results on similar alloys, peak A is attributed to the precipitation
of θ″ [25], peak B to the formation of θ′, peak C to the rupture and
spheroidization of the Si network [26], and peak D to the appearance
of the θ phase. It is known from literature studies that the AlSi9Cu3
alloy is usually characterized by the coexistence of three precipitation
sequences, namely, the θ-Al2Cu, β-Mg2Si, and Q-Al5Mg8Cu2Si6 ones
[4]. However, the exothermic effects revealed by DSC in the present
work, apart frompeakC,may be reasonably attributed to the θ sequence
only because of the extremely lowMg content revealed by ICPmeasure-
ments. This Mg depletion is believed to have hindered the formation of
the β and Q phases. The peak temperatures and formation enthalpies of
the exothermic phenomena A, B, C, and D are reported in Tables 5 and 6,
respectively.

To evaluate the kinetics of the precipitation phenomena, we ana-
lyzedDSC curves registered at different heating rates using the Kissinger
isoconversional method, as reported in the Supporting Materials Sec-
tion. Table 7 reports the activation energy and frequency factor values
calculated for the θ″, θ′, and θ precipitation, as well as for the Si dissolu-
tion and Si network rupture and spheroidization. To verify the reliability
of the performed evaluations, we computed activation energies using
the Friedman method, which yielded the following results: 128.1 kJ/
mol for θ″, 241.6 kJ/mol for θ′, 182.7 kJ/mol for the Si-related process,
and 238.0 kJ/mol for the θ precipitation. It should be noted that, for all
the considered transformations, the two computing methods yielded
similar values, thus allowing reasonable confidence in the obtained re-
sults. In the following, the kinetics of the θ precipitation sequence will
CT analysis.

Archimedes density [%] CT density [%]

94.52 96.73
99.23 99.87
96.16 97.94



Fig. 7. XRD spectrum of as-built AlSi9Cu3 alloy.

Fig. 8. Optical and SEM micrographs of as-built AlSi9Cu3 alloy along xy (a,c) and xz (b,d) planes, respectively.

Fig. 9. DSC curve of the as-built AlSi9Cu3 alloy recorded at 10 °C/min.
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Table 5
Peak temperatures of exothermic transformations A, B, C and D, as shown in Fig. 9.

Heating rate (°C/min) Peak temperature (°C)

Peak A (θ″) Peak B (θ′) Peak C (Si) Peak D (θ)

5 220,2 339,2 – 438,9
10 225,3 344,9 371,4 443,0
15 241,2 351,5 379,4 450,4
20 245,5 356,7 384,3 456,1

Table 7
Kinetic parameters relative to exothermic phenomena, as computed by Kissinger's
method.

Peak A (θ”) Peak B (θ’) Peak C (Si) Peak D (θ)

Activation energy (KJ/mol) 102,9 237,8 177,3 224,1
Frequency factor (s−1) 4,03 × 108 1,35 × 1018 1,97 × 1012 1,81 × 1014
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be discussed first, followed by the analysis of the results regarding Si
spheroidization.

θ″ precipitation is characterized by an activation energy (115.5 kJ/
mol on average) that is very similar to the values reported in [26–28]
and slightly smaller than that computed by Rylands et al. [29]. The ob-
tained activation energy value is a little lower than the values reported
in the literature for the diffusion of Cu in Al (140 kJ/mol [29], 141 kJ/mol
[30], and 137 kJ/mol [31]), thus reasonably indicating that the phenom-
enon is based on the bulk diffusion of Cu atoms across the aluminum
matrix. θ″ precipitates are known to usually evolve from previously
formedGuigier-Preston (GP) zones: the relatively lowmeasured activa-
tion energy thus suggests that GP zones are already present in the as-
built samples, probably because of the heating cycles that occur during
the building process, and act as favorable nucleation sites for θ″ precip-
itates. This observation is confirmed by the absence of the GP zone-
related peak in the DSC scan in Fig. 9. Moreover, as reported in [32], a
further reduction in activation energy with respect to that of the Cu dif-
fusion may be ascribed to external stresses, which are present in SLM-
built parts as solidification-induced residual stresses [33]. On the other
hand, the θ′ precipitation process is characterized by an activation en-
ergy (237.8 kJ/mol according to the Kissinger method) that is evidently
higher than that characterizing θ″ in the presentwork. In [34], θ′ is char-
acterized by a much lower activation energy (between 66 kJ/mol and
77 kJ/mol). Because θ′ preferentially nucleates heterogeneously on dis-
locations [35,36], its high activation energy in the SLM-built samples
may indicate that a small number of dislocations are available. This
seems to be a reasonable conclusion for a fusion-based synthesis
method, even though some studies [37,38] have shown that dense dis-
location networks build up in nickel-based alloys and steels during the
SLM process. However, to the best of the authors' knowledge, no such
observation has been done as far as undeformed SLMed aluminum al-
loys are concerned [39]. θ precipitation is driven by a measured activa-
tion energy of 224.1 kJ/mol, which lies at the low end of the range
reported by Elgallad et al. [34] for θ formation in a water-quenched
AA2219 alloy (200–360 kJ/mol) and is lower than that reported in
[28]. This process exhibits two possible formation mechanisms, which
have been described in the literature: nucleation at the interface of
grown θ′ precipitates and direct formation from the supersaturated α-
Al matrix. This latter mechanism has also been shown to frequently
occur at grain boundaries. In this view, it seems reasonable that the
fine-grained structure resulting from the SLM process [8,10] makes θ
formation easier by providing a great number of possible sites for het-
erogeneous nucleation. Finally, the rupture and spheroidization of the
Si network process exhibited an average activation energy of 177.3 kJ/
mol, according to the Kissinger method, which is slightly higher than
that previously computed by the authors for the same phenomenon in
anAlSi10Mg alloy [24,40].Moreover, this value optimally fits the activa-
tion energy for bulk interdiffusion of Si in Al [41] and for the dissolution
of Si precipitates in an Al matrix [42].
Table 6
Phase formation enthalpies related to exothermic phenomena, measured during a DSC scan pe

Peak A (θ”)

Enthalpies of phase formation (J/g) 26,4
The frequency factors K0, also called pre-exponential factors, are also
reported in Table 7. This parameter describes the probability that an
atom that has reached the necessary activation energy joins the grow-
ing precipitate nucleus [43] and is thus related to the availability of
atoms to be involved in the considered transformation. The value ob-
tained for the θ″ formation is close to that reported in [28] for the forma-
tion of GP zones, which are similar in structure to that of θ″ itself. This
may indicate that the high supersaturation of the α-Al matrix provides
a large reservoir of Cu atoms for the precipitation process. On the con-
trary, θ′ formation appears to occur at a much higher frequency in the
SLM-built material than that in the conventionally produced ones. Nev-
ertheless, the effect of K0 on precipitation is likely to be superseded by
the large energy barrier to be overcome, as reported earlier. Finally, θ
formation occurs at quite a slow pace, thus indicating that overaging
processes might require long exposures at elevated temperatures to
be triggered. A reasonable preservation of the constant mechanical per-
formances of the present material during prolonged high-temperature
service may thus be expected.

3.3. Mechanical characterization of the SLM-built material

The uniaxial tensile response of the SLMedAlSi9Cu3 alloy in as-built,
solution treated and T6 condition is reported in Fig. 10a. It is worth not-
ing that the alloy in the as-built condition exhibits a typical elasto-
plastic behavior. After yielding, the curve is characterized by an elevated
strain hardening rate, which has been ascribed to the silicon supersatu-
rated solid solution induced by rapid solidification [44]. Themechanical
behavior of the similar EN AC-46000 alloy has been widely studied and
is also normed by EN standards: the standard values and literature re-
sults of the yield stress (YS), ultimate tensile stress (UTS), and elonga-
tion to failure (EF) are reported in Table 8. It is evident that the SLM-
built parts outperformed the samples produced by conventional pro-
duction methods. This is true both for the stress values, which were in-
creased by the multiple strengthening mechanisms that act in
additively manufactured aluminum alloys [45,46], and for the EF,
whose high value was a result of the small number of defects present
in the samples, as confirmed by CT analyses (see Section 3.1).Moreover,
a comparison wasmade with the results reported by Fousova et al. [12]
and by SLM Solutions datasheet [47] for a SLM-built AlSi9Cu3 alloy. The
values obtained under the same conditions in the two cited works were
largely higher in both strength and elongation fields. This may be due to
the higher relative density and the smaller number of defects in the
samples considered in the present study. In fact, even though the au-
thors declared a residual porosity as low as 0.5%, no optimization of
the process parameters is described in [12] and quite a relevant amount
of porosity is evident in the SEM image of the fractured sample. The so-
lution treatment induced a general decrease of strength, reducing both
yield stress, now reading 152,5 MPa, and ultimate tensile strength,
which was lowered down to 300,1 MPa. On the other hand, elongation
to failure was drastically improved, reaching a satisfactory 11%. It shall
be noted that these values are still higher than the ones required by
rformed at 10 °C/min.

Peak B (θ’) Peak C (Si) Peak D (θ)

5,8 0,9 3,2



Fig. 10. (a) Engineering stress-strain curve of as-built, solution treated and aged (T6) and
(b) true stress-strain curve,σ, and strain hardening rate,Θ, of as-built and solution treated
and aged (T6) AlSi9Cu3 samples under tensile conditions.
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EN standards for the present alloy (Table 8). Moreover serrated plastic
flow, which is connected on a microscopic level to dynamic strain age-
ing (DSA), characterizes the plastic deformation of solution treated
samples. This phenomenon is related to the interaction ofmoving dislo-
cations with clouds of diffusing solute atoms. The subsequent ageing
treatment (T6) allowed an increase of strength through precipitation
hardening (YS=206MPa, UTS=318,7MPa), while a satisfactory elon-
gation to failure of 7,8% was still kept. Nevertheless, the initial strength
Table 8
Mechanical properties of AlSi9Cu3 alloy obtained by casting or selective laser melting.

YS (MPa) UTS (MPa) Elongation (%)

CAST EN 1706:1998 standard 140 240 1%
Fousova et al. [12] 173 ± 14 257 ± 17 1.2 ± 0.5
Dobrzañski et al. [53] – 267 –
Panušková et al. [54] – 210 –
Sanna et al. [4] 160 270 2.5
Zamani et al. [55] 155 320 4.5
Voncina et al. [56] 196 252 2.9

SLM Fousova et al. [12] 219 ± 20 374 ± 11 1.9 ± 0.2
SLM solutions datasheet [47] 236 ± 8 415 ± 15 5.0 ± 2.0
Present work 266.1 ± 0.1 462.5 ± 3.0 4.5 ± 0.1
of the as-built sample could not be reached. Moreover, the formation of
precipitates likely reduced the number of free solute atoms, thus hin-
dering the formation of stress serrations. The lowering of strength
with respect to the as-built samples might be ascribed to a number of
causes, including the removal of residual stresses [33,48–50], change
ofmorphology of the Si network [24] and an overall reduction of the su-
persaturation characterizing the initial solid solution. Some of these as-
sumptions could be confirmed by analyzing SEMmicrographs of the T6-
treated alloy, as shown in Fig. 11. Coarse eutectic Si particles, whose di-
mensions approximately range from 3 μm to 0,5 μm, were formed as a
result of the rupture of the original Si network and the subsequent
coarsening during holding at high temperature. Beside these phases,
the formation of numerous smaller Cu-rich precipitates (as revealed
by EDS analysis) was induced. These precipitates, whichmay be reason-
ably recognized as θ phases, were formed during solution treatment:
thismay have limited the amount of Cu atomsavailable for precipitation
during ageing, thus reducing the effectiveness of ageing treatment.
Moreover, since they are coarse and incoherent with respect to thema-
trix, their effectiveness in strengthening the alloy is believed to be rather
limited.

Compared with the widely available SLMed AlSi10Mg alloy
[33,45,51], in the as-built state, the AlSi9Cu3 alloy is characterized, on
average, by a lower YS and a higher UTS. This discrepancy suggests
that higher strain hardening occurred in the alloy under investigation.
To confirm this hypothesis and better describe themechanical behavior
of the SLMed alloy, the strain hardening rateΘwas computed as the de-

rivative of the true stress against the true strain (Θ ¼ dσ
dε

). The resulting

evolution of Θ is depicted in Fig. 10b for both the as-built and the T6
samples. As far as the as-built condition is concerned, the strain harden-
ing rate appears to be extremely high for low plastic elongations
(14,500 MPa), and then it decreases to a still large value of about
2300 MPa at the break point. The large Θ values have been explained
in the literature [45] as being related to the formation of a greater num-
ber of Orowan loops around the nanometric Si precipitates dispersed
across the aluminummatrix in AlSiMg alloys. In the present case, this ef-
fect may likely be enhanced by the presence of fine Cu-containing GP
zones, as discussed in Section 3.2, which act as further pinning points
for dislocation glide. This strengthening contribution may explain why
the Θ values are higher than those described by Chen et al. [45]. Finally,
as confirmed by previous literature results [45,52], the SLMed alloy did
not reach a condition that satisfied Considère's criterion (i.e., the Θ and
σ curves did not intersect each other). This means that a uniform elon-
gation was not achieved and that failure occurred before necking be-
cause of structural defects. On the contrary, the solution treated and
Fig. 11. SEMmicrograph of T6-treated AlSi9Cu3 alloy.
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aged material was able to meet Considère's criterion at a true strain of
0,078,which is in good agreementwith the value (0,081) corresponding
to the measured UTS. This result may indicate that the profound micro-
structural transformation induced by the T6 treatment made the mate-
rial able to reach a uniform elongation condition and withstand its
inherent defects. Much reduced Θ values, which are lower than
4000 MPa all over the entire deformation range, may be ascribed to
the reduced effectiveness in dislocation locking of coarsened Si and
Cu-bearing precipitates and to the lower supersaturation of the solid so-
lution. Themeasured strain hardening values closelymatch the ones re-
ported in [45] for the AlSi10Mg alloy produced by powder metallurgy,
further confirming that the T6 treatment gave rise to a microstructure
which, although fine, more closely resembles the one obtainable
through conventional processing routes.

4. Conclusions

The present study investigated the processability and the correspond-
ing microstructural and mechanical properties of a new Al alloy composi-
tion, namely, AlSi9Cu3, by using selective laser melting (SLM) in the as-
built condition. In detail, the principal results canbehighlighted as follows:

• Fully dense samples (relative density of 99.9%measured by computed
tomography) were manufactured through optimization of the main
process parameters, i.e., laser power and exposure time. The defect
sizes and shapes were also analyzed as a function of the energy den-
sity, by determining a region characterized by a limited size and an al-
most spherical shape.

• The microstructure was strongly refined by the high cooling rate in-
duced by SLM, yielding a eutectic Al-Si structure similar to that of
thewidely available AlSi10Mg alloy. The resultingmatrix supersatura-
tion and crystal defects were shown to affect the precipitation behav-
ior of the alloy from a kinetic point of view. A redefinition of proper
heat treatments thus appears to bedesirable in viewof fully exploiting
the alloy potential.

• Themechanical properties of the SLM-built AlSi9Cu3 alloy constitute a
vast improvement over those shown by both conventionally pro-
duced parts and previous literature results in both strength and duc-
tility. The high strain hardening capability, typically induced by Si
nanoprecipitates in SLMed Al-Si alloys, is further improved in the
present alloy by the presence of GP zones. A conventional T6 treat-
ment was found able to strongly improve the material's ductility,
even if it decreased strength.
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