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their mechanical response. This study investigates the heat-treatment response
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direct aging treatments and a tailored T6 condition. Direct aging treatments (T5)
were designed either to enhance strengthening (T5LowT) or to promote stress
relieving (T5HighT), whereas the T6 (solutioning, quenching, and aging) was
optimized by avoiding microstructure coarsening. The experimental approach
included detailed microstructural characterization, residual stress measurements,
and hardness tests before and after long-term exposure at 200-290 °C. The as-
built (AB) alloy exhibited a high hardness of about 150 HB10, due to its extremely
fine cellular solidification structure and supersaturated Al matrix, together with
significant tensile residual stresses. The fine cellular structure was only margin-
ally affected by T5 treatments, whereas it was significantly modified after T6. All
treatments succeed in reducing the tensile residual stress (by 40% for T5 and com-
pletely after T6) and induced the precipitation of second phases. Approximately
160 HB10 was achieved after the TSLowT, while T5highT and tailored T6 treat-
ments resulted in approximately 140 HB10. High-temperature exposure caused an
overall hardness decrease in all investigated conditions, with a more pronounced
and accelerated drop for T6 samples. The superior thermal stability of the AB and
T5 conditions is attributed to the retention of the fine cellular structure, which acts
as the most effective strengthening feature during high-temperature exposure.
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Introduction

Currently, the necessity to enhance the sustainability
and minimize the environmental footprint of crucial
aspects of our society, such as public and private
mobility, acts as a driving force for industrial and
academic research [1-3]. In this context, one of the
possible solutions relies on the increase in the effi-
ciency of the propulsion system for road transporta-
tion. To this aim, from the material point of view, two
main issues have to be addressed for the production
of reliable structural components: (i) the selection of
high-performance materials characterized by elevated
mechanical strength (with particular emphasis on
enhanced strength-to-weight ratios) and satisfactory
physical properties, such as thermal stability and con-
ductivity and (ii) the fabrication of highly customized
components that minimize material utilization and,
more importantly, waste [4, 5]. Both issues, if prop-
erly and concurrently managed, can lead to an over-
all lightweighting of vehicles, resulting in the reduc-
tion in energy consumption and harmful emissions
[6]. The latter issue can be addressed by considering
the application of innovative manufacturing routes,
such as additive manufacturing (AM), that enable the
production of engineered parts with a high degree of
design complexity [7-9]. The powder-based laser bed
fusion (PBF-LB), for example, is the most industrially
developed AM technique that relies on the computer-
driven melting of successive layers of metallic pow-
der through a highly focused laser [10]. The result
is weight-optimized components characterized by a
peculiar microstructure due to the specific solidifica-
tion conditions [11, 12]. The first issue, on the other
hand, can be addressed by considering light alloys
suitable to be processed by PBF-LB, such as Al-Si
alloys [13, 14]. Among Al-Si alloys, the target could
be represented by high-strength Al-Si—Cu alloys, like
the AlSi9Cus3 alloy.

The AISi9Cu3 is a heat-treatable alloy convention-
ally used for permanent-mold casting, usually pro-
cessed by high-pressure die casting (HPDC) [15, 16].
As for other Al-Si cast alloys, it is mainly adopted
to produce automotive components [17], also suit-
able for high-temperature applications [18]. Com-
pared to other Al-Si alloys, the addition of copper
to the alloy induces solid solution strengthening and
enhances precipitation hardening thanks to the for-
mation of 8-Al,Cu reinforcing precursors (6’ and 6”)
after a specific heat treatment, termed T6, consisting
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of solution treatment, quenching and aging [19]. For
conventional Al-Si—Cu cast alloys, solution treat-
ment is typically performed at 505-525 °C for 4-12 h,
depending on the specific alloy composition, whereas
artificial aging is commonly carried out at 155 °C for
2-5 h [20]. Al,Cu reinforcing phases precipitate dur-
ing the artificial aging phase from the supersaturated
solid solution (Aly,) obtained after solution treat-
ment and quenching. 6" coherent phase firstly forms
from GP zones (consisting of cluster of Cu atoms)
then, with prolonged aging, it evolves in the semi-
coherent 6’ phase and finally to the stable incoherent
equilibrium phase 6-Al,Cu (precipitation sequence:
Al — GP — 0” — 0’ — 0). The maximum strength-
ening is obtained with the highest fraction of 8" in the
aged alloy (peak-aging condition) [19].

While the conventional cast alloy has been widely
investigated, to the best of authors” knowledge, the
state of the art regarding the characterization of
the PBF-LB AlSi9Cu3 alloy consists of a few works
[21-25]. To date, research has been focused mainly on:
(i) optimization of the manufacturing process [21, 23];
(ii) in-depth microstructural characterization of the as-
built (AB) alloy, also including phases characterization
with the aid of X-ray diffraction (XRD) and transmis-
sion electron microscopy (TEM) analyses [22, 23]; (iii)
mechanical characterization of the AB alloy, also by
comparison with the conventional cast one [21, 22];
and (iv) study of the precipitation behavior and char-
acterization of the alloy in selected heat-treated con-
ditions [23-25]. As for the latter, works were focused
on conventional T6 treatment [23, 24] and long-time
annealing treatment (up to 64 h) carried out at low
temperature (140-180 °C) to induce aging of the alloy
[24] or relatively high temperature (250 and 300 °C) to
induce relief of residual stress [24, 25]. From the study
of the current state of the art, it emerges that the alloy
processed by PBF-LB is characterized by interesting
mechanical properties, especially if compared to the
conventional cast alloy, thanks to the extremely fine
microstructure and supersaturation condition result-
ing from PBF-LB, as well as to a lower defect content
when compared to the HPDC alloy. As for other Al-Si
alloys processed by PBF-LB, the AlSi9Cu3 one in the
AB state displays a cellular solidification structure
composed of submicrometric a-Al cells surrounded
by a fine interconnected network of eutectic Si with
trace of Al,Cu segregated at cells borders [22, 23]. At
very high magnification, such network appears to be
composed of a high density of cubic Si particles (with
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a size ranging from 30 to 70 nm) able to hinder dis-
location movement [22]. The overall good mechani-
cal performance is preserved also after the selected
heat-treatment conditions so far considered in the lit-
erature, thanks to the precipitation of Al,Cu precur-
sors and nanometric Si within Al cells [23-25]. How-
ever, it is authors” opinion that there is a substantial
lack of references on short-term aging treatment,
which can represent an interesting opportunity to
shorten the time-to-market and to boost energy sav-
ing, resulting in the enhancement of industrial feasi-
bility. Short-term treatment carried out from the AB
alloy, typically referred to as T5 treatments, can be
tuned to enhance strengthening of the alloy or stress
relieving, as evidenced in the literature for long-term
ones. Furthermore, the potential of an innovative T6
treatment specifically tailored to the peculiar micro-
structure of PBF-LB alloys has not yet been explored.
Such a treatment could preserve microstructural fine-
ness by reducing the holding time and optimizing the
treatment temperature. Although T6 treatments have
already been investigated in the literature for the
Al-Si-Mg systems, most studies have mainly focused
on AlSi10Mg and AlSi7Mg alloys [13, 14]. The addition
of Cu modifies the precipitation behavior and there-
fore requires a dedicated investigation of the heat-
treatment response. Furthermore, for AlSi9Cu3 alloy,
the available literature has so far mainly addressed
the effect of conventional T6 treatments [24, 25], i.e.,
treatments based on the microstructural features of
cast alloys, which differ significantly from those of
PBF-LB materials. A tailored T6 treatment could
instead improve the trade-off between strength and
ductility, as already shown for AlSi10Mg and AlSi7Mg
alloys [26]. It should also be considered that no men-
tion was made to the thermal stability of this alloy. In
this alloy, the presence of Cu leads to the formation
of Cu-based intermetallic phases with an improved
thermal stability if compared to Al-Si heat-treatable
alloys such as AlSi7Mg that suffers a decrease in the
mechanical properties (especially hardness and tensile
strength) in case of exposure at temperature >200 °C,
due to the coarsening of reinforcing precipitates [27].
Thermal stability is enhanced especially in case of the
quaternary Al-Si-Cu-Mg alloys where the quaternary
Q-phase is formed [28-30]. For the conventional heat-
treated Al-Si—Cu cast alloys, the stability of the aging
precipitates (0-Al,Cu and eventually Q-Al;Cu,MggSi,
in presence of Mg) is responsible for the overall sat-
isfying high-temperature behavior [31-33]. Their

@ Springer

J Mater Sci (2026) 61:26474-26496

thermal stability is limited by the high diffusivity of
Cu (and eventually Mg) occurring at high tempera-
tures. At 300 °C, the diffusivity of Cu rises rapidly
and both phases become thermodynamically unsta-
ble, leading to modifications of precipitate size and
shape [32]. According to [31], 6-Al,Cu should retain its
stability up to 280 °C, while Q-Al;Cu,MggSi, can face
temperatures above 300 °C. However, as the micro-
structure of the PBF-LB alloy is considerably different
from the cast one even after heat treatment and, as
previously discussed, can rely on different reinforcing
precipitates according to the selected heat treatment,
the characterization of the response to high-temper-
ature exposure (i.e., overaging behavior) should be
included in the literature.

Therefore, the present study aims to broaden the
understanding of the response to heat treatment of the
AISi9Cu3 PBE-LB alloy by considering: (i) short-term
direct aging treatments (T5 treatments) optimized to
boost either strengthening or stress relieving; (ii) an
innovative T6 treatment specifically tailored on the
peculiar PBF-LB microstructure; (iii) the response
to high-temperature long-term exposure (overaging
behavior) of the alloy in the AB state and after the
optimized heat treatments (T5 and T6). Finally, the
hardness evolution due to thermal exposure was mon-
itored to assess the mechanical response of the alloy.

Experimental procedure
Production of PBF-LB samples

A commercial gas-atomized AlISi9Cu3(Fe) powder
provided by ECKA Granules Germany GmbH, with
a reported size range of 20-63 um, was chosen to
produce samples. The powder chemical composition
is reported in Table 1 where data provided by the
supplier are compared to the chemical composition
obtained by glow-discharge optical emission spec-
troscopy (GD-OES, GDA 650, Spectruma Analytik
GmbH) on the PBF-LB samples. By referring to data
in Table 1, it is possible to conclude that both powder
and produced samples adhere to the compositional
range specified in standard EN1706:2020 and ASTM
B108/108 M for the alloy ENAC-46000 and A333,
respectively.

The particle size distribution (PSD) of the powder
was measured through laser diffraction particle size
analyzer resulting in D10=7.9 um, D50 =45.3 ym and
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Table 1 Chemical composition of AlSi9Cu3 PBF-LB samples as analyzed by GD-OES and compared to composition provided by pow-

der supplier and range given by standards

Element %wt

Si Cu Fe Mg Mn Zn Other Al
Supplier powder data sheet 9.3 3.0 0.91 0.29 0.21 0.81 - Bal
GD-OES on produced samples 8.84+0.08 2.78+0.01 0.72+0.01 0.28+0.01 0.21+0.01 0.72+0.04 0.03 86.43+0.04
EN 1706:2020 (ENAC-46000) 8.0-11.0 2.0-4.0 0.6-1.1 0.05-0.55  0.55 max 1.2 max - Bal
ASTM B108/108 M (A333) 8.0-10.0 3.04.0 1.0 max 0.05-0.50 0.5 max 1.0 max - Bal

Figure 1 AlSi9Cu3 powder morphology observed by SEM.

D90 =68.4 um. Image analysis through SEM allowed
the evaluation of the powder morphology (Fig. 1).
Powder particles appeared overall regularly shaped
with a limited number of satellites spotted.

Samples were produced using an EOSINT M270
dual-mode system (EOS GmbH) under an argon
atmosphere, with an aluminum build platform main-
tained at 100 °C throughout the process. A preliminary
design of experiments was carried out to investigate
the influence of laser power (170-195 W), scan speed
(800-1400 mm/s), and hatch distance (0.10-0.14 mm),
while keeping the layer thickness constant at 30 pm.
Based on porosity measurements obtained via the
Archimedes method, samples produced with a laser
power of 170 W consistently exhibited higher porosity
levels compared to those processed at 195 W. There-
fore, the lower power condition was excluded from
further optimization.

Subsequently, the experimental data at 195 W were
analyzed using computer-aided tuning (CAT) software
to identify the optimal combination of hatch distance
and scan speed. The optimization aimed at minimiz-
ing porosity and reducing lack-of-fusion defects, par-
ticularly in view of subsequent fatigue testing. The

Response Surface Porosity (Archimede)

Porosity
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Porosity =0.23 %
VEL 0.0

Figure 2 Process optimization for PBF-LB of the AlSi9Cu3
alloy: response surface of porosity as a function of hatch dis-
tance, scan speed at a laser power of 195 W, obtained using CAT
software.

optimal parameter set, as shown in Fig. 2, was identi-
fied as: laser power 195 W, scan speed 800 mm/s, and
hatch distance 0.14 mm.

Porosity was evaluated using both the Archime-
des principle and image analysis, yielding values of
0.23+0.11% and 0.46%, respectively. For the gravimet-
ric measurements, a reference density of 2.76 g/cm3,
as provided in the powder datasheet, was assumed as
the fully dense condition. Cubes sized 10 x 10x10 mm?
were built for material characterization and heat-treat-
ment optimization.

Phase composition, residual stress,
and thermal analysis

A thorough characterization has been carried out on

both AB and heat-treated conditions to assess the
response of the PBF-LB alloy to a high-temperature
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exposure and therefore tailor the post-processing heat
treatments.

The thermal response of the alloy was recorded
through differential scanning calorimetry (DSC) using
a 214 Polyma, with the response to heating docu-
mented from 25 to 550 °C. The heating rate was set at
20 K/min for as-built and heat-treated samples. Sam-
ples were inserted in alumina crucibles, and the meas-
urements were performed in a nitrogen atmosphere.

To further investigate the different phases, XRD
analysis was conducted using a PANalytical X'Pert
PRO PW3040/60 diffractometer, and peaks were ana-
lyzed using the X'Pert HighScore software. The meas-
urements were performed with Cu-Kal radiation over
an angular range of 20 from 10 to 150°, with a step size
of 0.013° and a step time of 60 s.

Residual stresses were also recorded through a
Pulstec u360x operated at 30 kV with a chromium
cathode. Five measurements per face were collected,
moving from the bottom of the sample toward the top
along the building direction.

Microstructural characterization

Specimens for microstructural characterization were
extracted from cubic samples perpendicularly to the
building direction (transversal section). Metallo-
graphic preparation involved embedding the speci-
mens in a conductive resin, grinding with abrasive
papers, and polishing up to 1 um polycrystalline dia-
mond suspension, following standard metallographic
procedures [34, 35].

To reveal the microstructural features, chemical
etching was carried out using Weck’s reagent (3 g
NH,HF,, 4 mL HC], 100 mL distilled water) through
a 10 s immersion at room temperature.

A field emission-gun scanning electron microscope
(FEG-SEM, Tescan Mira3) operating at 10 kV and
equipped with energy-dispersive spectroscopy (EDS)
for semiquantitative localized chemical analyses was
used to investigate the main microstructural features
at high magnification.

For transmission electron microscopy (TEM) thin
disks were mechanically ground and thinned down
to a thickness of 80-90 um, then punched and dim-
pled to a thickness of ~ 30 um, and finally ion milled
to electron transparency by a Gatan® PIPS working
at 8 keV, with incident beam angle progressively
reduced to 8, 6, and 4°. TEM inspections were car-
ried out using a Philips® CM-20® working at 200 keV
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using a double-tilt specimen holder cooled with liquid
nitrogen.

Heat treatments for aging and overaging
characterization

The optimization of heat-treatment parameters is
essential to achieve the desired strength for the spe-
cific structural applications within an industrially
viable timeframe. In this study, PBF-LB samples were
subjected to two distinct heat-treatment protocols: (i)
direct artificial aging from the AB condition (T5 treat-
ment) and (ii) solution treatment and water quench-
ing followed by artificial aging (T6 treatment). The
investigated heat-treatment parameters, including
temperature and duration, are summarized in Table 2.

To optimize post-processing heat treatments, aging
curves were developed from hardness measurements
carried out on samples subjected to artificial aging
(AA). Brinell tests were performed with a 62.5 kg load
and a 2.5 mm-diameter hardened steel ball indenter
(HB10) [36], following the temperature—time combina-
tions detailed in Table 2. These aging curves present
hardness values as a function of aging time and tem-
perature, enabling the identification of the peak-aging
condition (both time and temperature) at which the
alloy reaches its maximum hardness. Four tempera-
tures, at 20 °C intervals (160 °C, 180 °C, 200 °C, 220 °C),
were evaluated over a 6 h holding period to ensure
industrial feasibility. The temperature selection was

Table 2 Heat-treatment conditions investigated in the present
study for the A1Si9Cu3 PBF-LB alloy

Heat-treatment conditions

Heat  Solution treat- Quenching (WQ) Artificial
treat-  ment (ST) aging (AA)
ment ———————— e —
T[°C] t[min] TI°C] [h]
T5 - - - 160 0.5
180 1
200 2
220 3
4
6
T6 505 15 Warm water (25-30 °C) 160 0.5
30 180 1
60 200 2
220 3
4
6
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guided by DSC analysis conducted on AB samples, as
will be later discussed. Aging curves were elaborated
for both T5 and T6 treatments. In case of T5 treatment,
the curves describe the response to AA starting from
the AB alloy. On the other hand, in case of T6, this
response is studied on solution-treated and quenched
samples. Therefore, the optimization of the T6 heat
treatment was carried out in two stages: (i) optimi-
zation of the solution treatment (ST) parameters, fol-
lowed by (ii) optimization of AA conditions, as shown
in Table 2. The solution treatment temperature was
set at 505 °C based on both an extensive review of
the literature [20, 37-39] and DSC analysis. Further-
more, with regard to ST duration, as reported by
other authors [40, 41] a shorter time is more suitable
for PBE-LB samples than the conventional 8 h typical
for cast aluminum alloys, as it reduces undesirable
grain coarsening and porosity growth. Accordingly, a
single-stage ST was performed at 505 °C for 15, 30, and
60 min, followed by water quenching (WQ) in warm
water (25-30 °C). Microstructural characterization and
Brinell hardness tests were performed on ST + WQ
samples to identify the optimal solution treatment con-
dition. Building upon these findings, the subsequent
optimization of aging parameters was performed
using the best solution treatment and quenching con-
ditions. Notably, for both T5 and T6 at 160 °C hardness
continued to increase after 6 h exposure, hence, for the
sake of completeness, the response to AA was studied
up to 16 h for the 160 °C curve. The optimized aging
conditions were further validated through DSC and
XRD analyses on heat-treated samples.

Since the alloy can experience temperatures higher
than that of peak aging during the in-service life, the
overaging (OA) behavior was also evaluated. Hard-
ness variation (HB10) was analyzed as a function of
time and temperature for exposure duration up to72 h
at 200, 245, and 290 °C, for both T5 and T6 heat-treated
samples. The OA conditions were selected to simulate
the working conditions that mechanical parts, such as
high-performance motorcycle engine components,
are expected to face during their in-service life. Spe-
cifically, these conditions accounted for the average
operational temperature (200 °C) and peak tempera-
tures (245 and 290 °C) experienced during races [42].

For both AA and OA, the hardness-time-temper-
ature curves were obtained using a Binder electric
furnace with a maximum temperature of 300 °C. ST
were instead performed in a Nabertherm electric fur-
nace capable of reaching 1200 °C. Both furnaces were
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equipped with thermocouples and a data logger,
ensuring temperature stability within+5 °C.

Results
Characterization of the as-built alloy

The PBF-LB process is characterized by high-speed
cooling rates and significant thermal gradients, which
greatly affect the final microstructure of the produced
alloy. Indeed, many studies have reported a peculiar
and extremely fine AB microstructure in aluminum
alloys, enhanced by rapid cooling [43-45]. At lower
magnification, an overview of the very fine cellular
structure characterizing the AB alloy can be observed
(Fig. 3a). Such cellular structure consists of a dense
eutectic Si-rich network surrounding a a-Al matrix,
as evidenced by EDS analyses in Fig. 4 and as also
reported in the literature [22]. In Fig. 3a, the three main
regions already described for other Al-Si alloys [46]
can be distinguished: melt pool core (MPC, yellow
frame in the figure), melt pool border (MPB, orange
frame in the figure), and heat-affected zone (HAZ, red
frame in the figure). These zones are characterized by
different thermal history that affects the morphology
of the cellular structure, as can be clearly observed at
higher magnification. MPC preserves the finest micro-
structure with an interconnected Si network (Fig. 3b).
Coarsening of the cellular structure and partial crack-
ing of the Si network occur in the MPB (Fig. 3c), while
a discontinued Si network characterizes the HAZ
(Fig. 3d). In the area of the Si network, the presence of
Cu compounds in the network along with Si has been
observed by Fousava et al. [22]. Indeed, EDS analyses
in Fig. 4 show a slightly higher content of alloying ele-
ments in the proximity of the Si-rich network (points
3 and 4). The high cooling rates not only refine the
microstructure, resulting in the peculiar cellular net-
work, but also limit the formation of phases, leading
to a supersaturated solid solution.

The occurrence of supersaturation was also con-
firmed by further analyses (XRD and DSC). XRD of
the AB material showed indeed mainly peaks related
to Al (Fig. 5a). Only a few minor phases with small
intensities, associable with Si and Al,Cu phases,
could be observed, corroborating the idea that most
elements are still in solid solution and only minor
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Figure 3 Microstructural
features of the AlSi9Cu3
PBF-LB AB alloy character-
ized by FEG-SEM: a low-
magnification overview of the
cellular structure; b, ¢, and

d high-magnification details
of the melt pool core (MPC),
melt pool border (MPB), and
heat-affected zone (HAZ),
respectively. Micrographs
refer to the transversal section
(perpendicular to the building
direction).

(b)

(a)

Figure 4 EDS semiquantita- AB
tive analyses on the cellular
structure of the A1Si9Cu3

PBF-LB AB alloy showing Normalized mass concentration [%]

the distribution of main alloy Al Si Cu Fe Mg
elements in the MPB region. 1 8777 8.07 3.06 1.09 0.01
The analyses refer to the 2 87.62 9.39 2.91 0.01 0.07
transversal section (per- 3 70.89 22.59 5.06 1.23 0.23
pendicular to the building a 68.44 24.61 511 164 0.20

direction).
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Figure 5 Characterization of the AlSi9Cu3 PBF-LB AB alloy: a XRD spectrum; b DSC curve.

phases have already precipitated, in accordance with
previous studies [22, 24].

During heating of the AB alloy, four main thermal
events were identified in the DSC curve, labeled as
A, B, C, and D in Fig. 5b. The first and most intense
peak, peak A, showed an onset temperature of 189 °C
and a peak temperature of 248 °C. This event was
mainly associated with Si precipitation from the
supersaturated a-Al matrix, although a contribu-
tion from the early formation of Cu-rich metastable
precipitates, such as 8/, cannot be excluded, since
these transformations may partially overlap in this
temperature range.

Peaks B and D were associated with the sub-
sequent precipitation sequence of Al,Cu-related
phases, with peak B attributed to 0" precipitation
and peak D attributed to the formation of the more
stable O phase. Peak C was instead related to the
spheroidization/coarsening of the previously pre-
cipitated Si phase. These outcomes are consistent
with the DSC scan reported by Fiocchi et al. for a
comparable Al-Si—-Cu composition [23]. In addition,
as reported in [47], the high-temperature peak D may
also include a contribution from Al-Fe phase precipi-
tation in Al-Fe-Si—containing alloys.

Overall, the DSC analysis indicates that a signifi-
cant fraction of Si and Cu remain in supersaturated
solid solution in the AB condition, since the main

precipitation reactions occur during heating. There-
fore, the DSC results provide useful support for
interpreting the alloy response during the investi-
gated heat treatments.

Heat-treatment response assessment
Direct aging—Tb treatment

Artificial direct aging from the metastable and super-
saturated PBF-LB alloy can be exploited with a two-
fold objective: (i) induce strengthening of the alloy
thanks to the precipitation of reinforcing particles
from the supersaturated matrix and (ii) partial relief
of the tensile residual stress that usually characterizes
the AB condition. With this in mind, the response to
direct aging of the AlSi9Cu3 alloy was investigated
by drawing aging curves (Fig. 6a) representing the
evolution in hardness after the exposure at different
aging temperatures for a given time. The investiga-
tion considered an exposure time up to 6 h to preserve
a short-time treatment with the aim of promoting its
industrial feasibility and limiting the energy consump-
tion. Aging temperatures were chosen based on DSC
performed on the AB alloy (Fig. 5b) to fall within the
main precipitation peak occurring, according to the
DSC spectrum, in the range approximately 180-250 °C.
Therefore, four temperatures with a 20 °C gap were
chosen in the range 160-220 °C (160, 180, 200, 220 °C).
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Figure 6 Aging curves describing the evolution of hardness
(mean value and error bars) as a function of temperature (160,
180, 200, 220 °C) and time (up to 6 h) for the AlSi9Cu3 PBF-

Low-temperature direct aging (160 and 180 °C)
induced strengthening of the alloy, especially in case
of 160 °C treatment. In fact, peak aging was obtained
between 3 and 6 h exposure at this temperature, reach-
ing a hardness value of about 159 HB10 (+ 7% com-
pared to AB). To make sure that the hardness peak
was effectively reached, only for the 160 °C treatment,
the aging curve was drawn up to 16 h (Fig. 6c¢), prov-
ing that the peak hardness was maintained up to 8 h
and then slightly decreased to 154 HB10 after 16 h
exposure. High-temperature aging treatment (200 and
220 °C), instead, induced a substantial softening in the
alloy, with the sole exception of 30 min exposure at
200 °C. However, the maximum drop in hardness was
rather restrained as it was reached at 4-6 h exposure
with a value of about 134 HB10 (- 10% from AB).

Definition of solution treatment (ST) conditions
The definition of the optimized ST conditions to be

applied was based on both literature review and
experimental results. In fact, two main issues have to
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LB alloy: a direct aging of the AB alloy (TS5 treatment); b aging
of the ST+ WQ alloy (T6 treatment). In the insets: 160 °C aging
curve up to 16 h for both T5 ¢ and T6 d.

be taken into account: (i) Al-Cu alloys may experience
incipient melting of Al,Cu compounds, which is often
avoided by applying a two-stage ST [19]; (ii) exces-
sive microstructure coarsening due to exposure at high
temperature during ST may occur. These issues were
addressed by optimizing both treatment time and tem-
perature. In particular, DSC of the AB alloy in Fig. 5b
showed no trace of incipient melting; therefore, a two-
stage ST can be replaced by a single-stage one. Also,
the ASTM B917/B917M standard suggests for the A333
(AI-Si-Cu permanent-mold casting alloy) a single-
stage ST at 505 °C [20]. Furthermore, according to the
well-established literature on the A319 conventional
cast alloys [37, 38], 505 °C can be considered a safe
temperature for a single-stage ST. The temperature of
incipient melting of Al,Cu seems to be strictly related
to Mg content (it decreases with increasing Mg%),
particularly if Mg >0.6% [37]; the alloy utilized in the
present study has Mg <0.3%, as verified by GD-OES
analyses on the produced samples (Table 1).

Based on the above, a single-stage ST at 505 °C was
selected. Treatment time, on the other hand, was cho-
sen following microstructural and hardness evaluation
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(Fig. 7). To avoid excessive coarsening and porosity
formation that might occur during solution treatment
of PBF-LB Al alloys, the maximum solution treatment
time was set at 60 min, and intermediate durations (15
and 30 min) were also considered. Results show that
even the shortest ST (Fig. 7b) induced the complete
breakdown of the typical cellular structure that char-
acterizes the PBF-LB AB alloys (Fig. 7a), consisting of
a-Al cells surrounded by a fine and interconnected Si-
rich network, as discussed in the previous section. As
evidenced by EDS analyses in Fig. 8, the microstruc-
ture of ST+ WQ samples consists of a composite-like

AB

'5.0m
HB10=148.9 £ 0.6 HB10=110.1 £ 0.3
(a) (b)
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structure in which Si-rich globules, originated from
the Si-rich network, are surrounded by the Al matrix.
The occurrence of Si network breakdown after solu-
tion treatment is also supported by previous studies,
where this phenomenon has been extensively docu-
mented for AlSi7Mg and AlSi10Mg alloys [40, 41, 44].
Microstructural features of heat-treated alloy will be
in-depth discussed in the following Section. At this
stage, the focus is driven to avoid excessive coarsening
of Si-rich globules, which were significant only after
the 60 min treatment. The 15- and 30 min treatments,
on the other hand, were quite comparable in terms of

ST (60 min) + WQ

D e

HB10=106.9 £ 0.3 HB10=102.8 £ 0.1
© (@

&5\

Figure 7 Microstructural analyses and hardness data (HB10) for the AlSi9Cu3 PBF-LB AB alloy a compared to the alloy after solution
treatmentat 505 °C for: b 15 min, ¢ 30 min, d 60 min followed by water quenching.

ST (30 min)

o~

+WQ

Ve

Normalized mass concentration [%]

Al si Cu Fe Mg
1 1135 85.81 1.38 1.44 0.02
2 1119 86.68 1.19 0.84 0.10
3 2869 68.14 1.74 1.29 0.14
4 6552 29.42 3.59 1.16 031

Figure 8 EDS semiquantitative analyses of globular particles formed in the AlSi9Cu3 alloy after solution treatment and quenched
under the condition selected for further investigation (ST 30 min+ WQ).
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finesse and homogeneous distribution of globules. In
terms of hardness, all treatments resulted in a decrease
if compared to the AB condition, but the variation
among the performed ST treatments is rather reduced.
Therefore, in view of possible industrial applications,
the treatment time of 30 min was selected to promote
the effectiveness of the ST treatment even in case of
complex and medium-to-large components.

T6 treatment

In the most recent literature of PBF-LB Al alloys, the
complete treatment consisting of ST+ WQ + AA (T6
treatment) was proved to be the best choice to increase
the overall mechanical performance of the alloy, by
enhancing the trade-off between strength and ductility
[48-51]. Therefore, even if T6 treatment is a multiple-
stage treatment involving also an exposure at high
temperature and its industrial applicability can be
questioned by reason of energy savings, this type of
treatment was also taken into consideration. To opti-
mize the artificial aging step, aging curves (Fig. 6b)
were repeated, considering the same temperatures
and times as for T5 treatment, on samples subjected
to the selected ST + WQ treatment. As for direct aging,
results show that low-temperature aging treatments
(160 and 180 °C) succeed in inducing strengthening.
The maximum value of about 140 HB10 (+29% from
ST + WQ condition and- 7% from AB) was reached
even after a 1 h exposure in case of 180 °C treatment
and 4 h at 160 °C. At 180 °C, the maximum hardness
was maintained up to 3 h and then slightly decreased
for the 6 h exposure. In case of 160 °C, long treatment
time (from 6 to 16 h, Fig. 6d) led to slightly higher
hardness values (approximately 143 HB10). However,
this mild difference cannot be considered significant
enough to justify a more than doubled aging treat-
ment time. Concurrently, high-temperature aging (200
and 220 °C) after an initial strengthening resulted in
alloy softening as the exposure time increases, lead-
ing to a more significant drop in hardness than the
T5 treatment. The minimum value of about 90 HB10
(- 16% from ST + WQ condition) was reached in case
of 220 °C.

Based on the discussed results, the optimized
heat-treatment conditions were defined as reported
in Table 3. Other than the AB condition that will act
as a benchmark for detailed microstructural analyses
to assess the effect of heat treatment and overaging,
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Table 3 Summary of optimized heat-treatment conditions con-
sidered for microstructural analyses and characterization of over-
aging behavior of the AlSi9Cu3 PBF-LB alloy

Optimized heat-treatment conditions

Solution Treatment Quenching Atrtificial
aging
T[°C] t[min] T[°C] t[h]
AB - - - - -
T5LowT - - - 160 3
T5HighT - - - 220 1
T6 505 30 Warm water 180 2

(25-30 °C)

three different heat-treatment conditions were consid-
ered: (i) direct aging at low temperature (T5LowT),
(ii) direct aging at high temperature (T5HighT), and
(iii) T6 treatment. TSLowT and T6 heat treatments
were selected in the peak-aging condition, to promote
alloy strengthening. For the T6 treatment, both 160
and 180 °C aging conditions led to maximum hardness
values. However, the 180 °C condition was selected
because it allowed the aging time to be reduced by
half. In view of potential industrial applications, a
2 h treatment was chosen to ensure adequate treat-
ment homogeneity, even in large components, while
maintaining a moderate overall processing time. The
T5HighT treatment instead was selected as a short-
time treatment able to reduce the tensile residual stress
and possibly promote the trade-off between strength
and ductility by comparison to AB, by reason of a
slight decrease in alloy hardness (— 7% compared to
AB) that is also comparable to Té.

Characterization of the heat-treated alloy

The hardness variations described by the aging curves
are closely related to microstructural changes occur-
ring during the heat treatment, such as precipitation,
precipitate growth, and possible overaging phenom-
ena. Therefore, an in-depth investigation of micro-
structural evolution induced by heat treatment was
carried out on the optimized conditions defined in
Table 3, with AB alloy as reference.

In this work, XRD, DSC, and residual stress analy-
ses supported and guided the definition of optimized
heat treatment and corroborated the microstructural
observation that will be discussed in the following.
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The DSC curves highlighted the different Si pre-
cipitation behavior after each heat treatment (Fig. 9).
Indeed, the sample subjected to TSLowT showed the
same peaks already observed for AB. The first peak
(defined as peak A in Fig. 5b) related to the precipita-
tion of 6”" and Si from the supersaturated Al matrix
showed a reduced intensity, suggesting that minor
precipitation occurred. On the other hand, some
more evident differences could be observed after the
T5HighT. Indeed, the same peak disappeared, indicat-
ing that complete precipitation occurred during the

—T6
T5HighT,

Heat Flow (-)

T
100 200 300 400 500
Temperature (°C)

Figure 9 DSC of the AISi9Cu3 PBF-LB heat-treated alloy
(TSLowT, T5HighT, and T6) compared to AB.

T T T ¥
(a) A A A
A . g
|
8 ALCu
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heat treatment, while the second peak related to 0’
formation (defined as peak B in Fig. 5b) was preserved.
Finally, after T6, both exothermic peaks (A and B)
were replaced with one sole peak, possibly associated
with the precipitation of the Cu that had remained in
solid solution and was yet to precipitate.

XRD analysis further deepened the understanding
of the effects of heat treatments on the microstructure
(Fig. 10). After T5LowT and T5HighT, the XRD analy-
ses showed no significant differences compared to the
AB condition. They mainly displayed Al peaks with
a few minor peaks, mostly related to Si and Al,Cu.
However, after T6, more differences were observed.
Si peaks became more pronounced, indicating the
presence of larger phases after the treatment, which
allowed a more intense signal. Additionally, a few new
peaks appeared, mainly attributed to minor phases
with Cu and Fe, like N-phase Al,Cu,Fe. However,
these peaks were not very intense, probably due to
their small size and low content in the material, and
other peaks related to their pattern could be hidden by
the more intense Si and Al peaks.

It is interesting to notice that the Al peaks tended
to shift toward smaller angles after each heat treat-
ment, with the most significant shift after T6. Accord-
ing to Bragg’s law, i.e., nA = 2dsinf (where A is the
X-rays wavelength, d the interplanar spacing, and
the angle of incidence), a shift toward lower diffrac-
tion angles corresponds to an increase in the interpla-
nar spacing and therefore to a variation in the lattice

38.2 38.4 38.6 38.8 39.0

Figure 10 Phases analysis (XRD) of the AISi9Cu3 PBF-LB heat-treated alloy (TSLowT, T5HighT, and T6) compared to AB: a com-

plete spectra, b detail on peak around 38°.
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parameter of the Al matrix. When alloy elements are
in solid solution, they tend to increase or decrease the
lattice parameter, depending on their atomic radius
in comparison with Al [52, 53]. In Al-based alloys, the
precipitation of solute elements such as Cu, Si, and
Fe, which have smaller atomic radii than Al, may con-
tribute to an increase in the lattice parameter of the
Al matrix due to the depletion of the supersaturated
solid solution. However, this effect cannot be con-
sidered independently from the residual stress state,
since residual stresses may also affect the measured
interplanar spacing and therefore the peak position.
For this reason, residual stress measurements were
performed and are reported in Fig. 11. An analogous
outcome was already observed in a previous work of
the authors for the AlSi7Mg alloy [54].

The rapid cooling rates and complex thermal gra-
dients to which the material is subjected during the
process also create undesirable tensile stress that
negatively affects the mechanical behavior. However,
heat treatments can be performed to release these
stresses [55, 56]. Among heat treatments, also aging
has been reported as able to reduce residual stress,
though without being able to completely release it
[57]. On the other hand, higher temperatures used
in treatment like ST can fully release all the tensile
residual stresses, while greatly modifying the micro-
structure and homogenizing it. As a result, ductil-
ity significantly improves, also resulting in a more
uniform behavior without excessive variation in the
building direction, getting rid of the anisotropy typi-
cal for PBF-LB alloys [58, 59]. The data reported in
Fig. 11 are consistent with literature evidence. The
highest stresses were found in the AB sample, whereas

J Mater Sci (2026) 61:26474-26496

a slight release of the stresses was recorded after the
T5 treatments, though without any major difference
between T5LowT and T5HighT. After T6, the meas-
ured residual stress decreased to — 13.0 + 8.0 MPa, indi-
cating the complete relaxation of the tensile residual
stresses generated during PBF-LB and the develop-
ment of a slight compressive stress state. This slightly
compressive value is mainly attributed to the quench-
ing step following solution treatment. Indeed, rapid
cooling can induce thermal gradients and differential
contraction between the surface and the inner regions
of the sample, leading to near-surface compressive
residual stresses. Since the measurements were per-
formed by XRD, the obtained values are representa-
tive of the near-surface stress state. Therefore, the
compressive residual stress after T6 should be mainly
interpreted as a quenching-induced effect, rather
than as a direct consequence of phase transforma-
tion. It is worth noting that in addition to the release
of the stresses, the standard deviation is noticeably
smaller in the T6 sample compared to all other con-
ditions. This results from the homogenization of the
microstructure, decreasing the anisotropy and leading
to more consistent material behavior. It must also be
noted that residual stresses were measured on sam-
ples after removal from the building platform using
electrical discharged machining (EDM), meaning that
stresses at the base had already been partially relieved
during the cut. Indeed, when measuring the average
stresses only at the bottom and top of the four faces
of the AB sample, a much higher stress of 153.5 MPa
was observed at the top compared to 79.75 MPa at the
bottom. The same difference could be reported after
T5, whereas slight differences could be spotted after

200
160 4
.l.o
© —_— Residual Stress Standard Combadison toAR
2t IR (MPa) Deviation »
"y . K3
8 80 : i AB 130.5 33.1 -
E # : T5LowT 82.1 18.2 -37%
3 404 ¢
2 T5HighT 80.3 14.1 -39%
4
°1 A T6 -13.0 8.0 -110%
*3
<40 *

AB

Figure 11 Characterization of residual stress in AISi9Cu3 PBF-LB AB and heat-treated alloy (T5LowT, TSHighT, and T6): graphical

TSlowT

T5highT

and numerical results with percentage difference from AB.
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T6, thanks to the final homogenization. The more evi-
dent peak shift observed in the XRD pattern after T6 is
consistent with the stronger microstructural evolution
induced by this treatment, as also supported by the
DSC and microstructural analyses, together with the
more pronounced residual stress relaxation measured
in this condition.

Microstructure of the alloy in AB and heat-treated
conditions (T5LowT, T5HighT, and T6) are compared
in Fig. 12a—d. Microstructural characterization was
performed in the MPB zone where, thanks to coars-
ening, precipitation among cells ascribable to heat
treatment is noticeable by FEG-SEM. As previously
discussed, the AB microstructure is composed of sub-
micrometric a-Al cells surrounded by an intercon-
nected eutectic Si network (Fig. 12a). The effect of
T5LowT treatment on the network is negligible; it still
appears as continuous with minor traces of disconti-
nuity, probably due to coalescence. Inside a-Al cells,
a partial precipitation of nanometric particles is dis-
cernible, as indicated by arrows in Fig. 12b. T5HighT
promoted a more pronounced and uniformly distrib-
uted precipitation inside cells, with Si network expe-
riencing a partial fragmentation only in some areas

T5lowT

a-Al cells

7R

Optimized HT

After OA

Figure 12 FEG-SEM microstructural analyses on AlSi9Cu3
PBF-LB alloy in the AB and optimized heat-treatment condition
defined in Table 3 before overaging a, b, ¢, d and after overaging
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and therefore being essentially still interconnected
(Fig. 12c). The occurrence of precipitation inside cells
during low-temperature annealing was also observed
in the literature in case of long-term treatments [24, 25]
and ascribed to Al,Cu precursors (0") and nanomet-
ric 5i. EDS analyses performed on heat-treated alloy
(Fig. 13a—c suggest that, if compared to the AB condi-
tion (Fig. 4), the amount of Si within Al cells slightly
raised after direct aging (points 1 and 2 in Figs. 13a,b),
thus supporting the occurrence of a precipitation of Si
particles. Also, the amount of Cu was enhanced, espe-
cially in the T5HighT alloy. These outcomes suggest
that precipitation of reinforcing phases can also occur
following short-time low-temperature treatment, thus
shrinking the time-to-market and reducing energy
consumption. On the other hand, T6 samples showed
a fully modified microstructure (Fig. 12d). As already
observed for other Al-Si alloys [50, 54], the solution
treatment fully homogenized the microstructure by
promoting the fragmentation and coalescence of the
Si network that evolved in a homogeneous distribu-
tion of micrometric Si-rich globular particles (ST+WQ
treatment, Fig. 7c). Among the globular particles,
also homogeneously distributed nanometric particles

T5h|ghT

S'r[’lch __&
globqles : R

Si-rich § — .
\ 2um’

€

globules, .

at 290 °C for 6 h e, f, g, h. Micrographs refer to the transversal
section (perpendicular to the building direction) and were taken
at melt pool borders.
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Figure 13 EDS semiquantitative analyses on AlSi9Cu3 PBF-
LB in the optimized heat-treatment condition defined in Table 3
before overaging a, b, ¢ and after overaging at 290 °C for 6 h d,

were observed, becoming more visible after the aging
treatment (full T6 treatment, Fig. 12d). EDS analyses
performed in the proximity of these nanometric par-
ticles revealed a higher Cu concentration (points 2—4,
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e, f. Micrographs refer to the transversal section (perpendicular to
the building direction) and were taken at melt pool borders.

Fig. 13c) than the nominal alloy composition reported
in Table 1, suggesting the possible formation of Cu-
rich precipitates. According to the available literature,
conventional long-term T6 treatment applied to the
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PBF-LB alloy results in the precipitation of 0”” and
coarsening of Fe-rich intermetallic phases, with size
ranging up to a few micrometers (needle-like Al;FeSi,
AlSi,Cu,, and AlgFe; phases) [23, 24]. In the present
work, on the contrary, the T6 treatment has been tai-
lored to the peculiar PBF-LB and specifically devoted
to avoid excessive coarsening. Therefore, different out-
comes could be expected. XRD analyses (Fig. 10) sug-
gest the formation of different Fe-based phases; how-
ever, they also suggest that such phases were small in
size and present in a low amount. FEG-SEM observa-
tion, in fact, confirmed a microstructure finer than the
one reported in the literature, especially in terms of
size and distribution of Si-rich globules. Such globules
were the only detectable micrometric-sized particles,
suggesting that no Fe-based micrometric intermetallic
phases were present.

Hence, to gain deeper insight into the fine-scale
microstructural features revealed by FEG-SEM obser-
vations, nanometric-sized phases were further investi-
gated by TEM to account for the preliminary hardness
results obtained for the two T5 treatments and the T6
one.

In Figs. 14 and 15, representative micrographs of the
T5LowT, T5HighT, and T6 are reported.

It resulted that a noticeable secondary phase
precipitation occurred in the T5LowT condition,
and a larger precipitation of the same secondary
phase particles was observed in the alloy subjected
to T5HighT. These secondary phase particles act
as strengthening features for the alloy as they are
nanometric size and evenly distributed. In fact, these

T5lowT

T5highT
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particles precipitated within the Al grains and suf-
ficiently far from the boundary regions, which were
characterized by a significant presence of rounded
Si particles. According to the chemical analyses per-
formed by EDS in a quite similar alloy, Roudnicka
et al. [24] and Fousova et al. [22] revealed that the
thin plate-like particles contain Al and Cu, being
Al,Cu-type phases, while the rounded spherical-
like ones are Si particles. Both types of particles
are within a few tens of nanometers in size. Al,Cu
particles have thickness within few nanometers
and lateral size within few tens of nanometers. The
T5HighT conditions revealed a slight coarsening of
both Si and Al,Cu particles, which accounted to a
coarsening ratio of approximately 40%, from the
T5LowT to the TSHighT condition.

The T6 condition revealed the presence of both
nanometric spherical-like Si particles and nanomet-
ric thin plate-like Al,Cu particles; these were con-
sistently more abundant in this case than the two
T5-treated conditions. In all the three experimental
conditions, these strengthening nanometric phases
were detected in the grain interior sufficiently far
from the alloy grain boundaries and from the inter-
granular coarse rounded Si particles, which were
induced to form during the printing process.

It thus resulted that the larger volume fraction of
the thin plate-like particles in the Al grains observed
in the T6 condition compared to that observed in the
T5HighT and T5LowT sample fully complies with
the hardness differences observed.

Figure 14 Low-magnification TEM micrographs of AlSi9Cu3 PBF-LB heat-treated alloy: a TSLowT; b T5HighT; ¢ T6.
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Figure 15 Higher magni-
fication TEM micrographs

of AlSi9Cu3 PBF-LB heat-
treated alloy: a TSLowT;

b T5HighT; ¢ T6; phase
identification by SAEDPs, d
thin plate-like Al,Cu phase, e
spherical-like Si phase.

Overaging behavior

Overaging (OA) curves were obtained for all the inves-
tigated conditions for an exposure time up to 72 h at
200, 245 and 290 °C (Fig. 16). OA display the evolution
in hardness due to the exposure at high temperatures
that components, for example, motorbike, automotive,
or aerospace ones, might experience during their in-
service life. As a first observation, for all the investi-
gated temperatures AB, TSLowT and T5HighT showed
a comparable behavior significantly different from the
one that characterized the T6 alloy (Fig. 16a—c). Indeed,
T6 alloy showed a severe drop in hardness even after
a few hours of exposition, especially at higher tem-
peratures (245 and 290 °C) where the hardness pla-
teau was reached after approximately 2 h (Fig. 16e,f).
The hardness plateau value for T6 alloy was 80 HB10
(- 42% from peak aged condition). However, it is quite
interesting that T6 behavior can be considered rep-
licated for both 245 and 290 °C exposure, thus sug-
gesting that thermal stability was already reached at
245 °C and maintained even at higher temperature. On
the other hand, AB, T5LowT, and T5SHighT conditions
succeeded in preserving a comparable and relatively
high hardness even for the most severe overaging con-
ditions. Their minimum recorded hardness is approxi-
mately 100 HB10 after 72 h exposure at 290 °C (- 33,
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—37, and — 29% from initial hardness for AB, T5LowT,
and T5HighT, respectively). For the lowest tempera-
ture (200 °C), they even experienced a mild increase in
hardness after 30 min exposure (Fig. 16d).

The comparison of the OA behavior of the alloy
studied in the present work to the one showed by
other Al-Si-Cu-Mg quaternary cast alloys, investigated
in previous works [28, 60], allows a more thorough
study of this alloy high-temperature response. The
comparison is reported in Fig. 17 where representative
heat-treated conditions of the AlSi9Cu3 PBF-LB alloy
(i.e., TSHighT and T6) are associated with the A354
(AISi9Cul.5Mg0.4) and the A357 + Cu (AlSi7Mg0.6
with 1.3 wt% of Cu) cast alloys in the optimized T6
condition (dashed lines in the graphs). The analysis
is made between alloys characterized by a similar
chemical composition and, most importantly, usually
adopted for motorbike and automotive components
that face increasing temperatures during their in-
service life. From the curves, the most evident result
is the outstanding behavior of the AlSi9Cu3 T5HighT
condition, which is the only one able to maintain sat-
isfactory hardness values even after long-term expo-
sure at high temperature, without showing any major
decrease. By recalling that both AB and T5LowT con-
ditions were characterized by a better thermal stabil-
ity than T5HighT, it emerges that PBF-LB alloy, AB



J Mater Sci (2026) 61:26474-26496 L 26491
OA -200°C OA-245°C OA -290 °C
170 170 170
160 (a) 160 (b) 160 |4 (c)
150 150 150
Y N N — —32 2 140 S 140 ;
o R
= 130 T 130 \\x % 130
o 120 & 120 | 4 #1120
a ] @
g 110 § 110 |4 ..S- 110
'g 100 £ 100 £ 100 -
T 9 90| 90
80 80| 80
70 70 70 4
0 20 40 60 0 20 40 60
Time [h] Time [h]
170 170
150 — 2150 L\
5 . § et
——— ¢
T 130 T 130
) "
§ 110 gno
e °
S 9 £ 9
70 70
0 2 4 6 0 2 4 6 )
C) Time [h] (e) Time [h] ® Time [h]
—— AB ——T5lowT ——T6

Figure 16 Overaging (OA) curves of the AlISi9Cu3 PBF-LB
alloy in AB and optimized heat-treated conditions (TSLowT,
TS5HighT, and T6 as detailed in Table 3) describing the evolution
of hardness (mean value and error bars) as a function of high-

or directly aged, may represent a good candidate for
high-temperature applications. On the other hand,
T6-treated alloys, both cast and PBF-LB, exhibited
a comparable behavior with hardness significantly
decreasing with increasing treatment time and tem-
perature. However, it is worth noticing that at 245 and
290 °C, the AlSi9Cu3 PBF-LB alloy showed the most
stable behavior and, in case of the highest tested tem-
perature, the hardness value was comparable or even
higher than cast alloys.

Results therefore suggest that the high-temperature
behavior of both cast and PBF-LB alloys in the T6 state
is governed by similar strengthening mechanisms,
whereas different mechanisms may contribute to the
response of the AB and directly aged PBF-LB alloy.
Based on the microstructural analyses so far discussed
(Figs. 12-15), it can be inferred that the fine cellular
structure with an almost entirely interconnected Si
network is the main responsible for the overall excel-
lent thermal stability of AB, T5SLowT, and TSHighT
conditions. Furthermore, as suggested by XRD and

temperature exposure up to 72 h at: a 200, b 245, ¢ 290 °C. The
insets show magnified views of the 0—6 h range for d 200 °C, e
245 °C, and f 290 °C.

DSC analyses (Figs. 9 and 10), the supersaturation con-
dition characterizing AB and TSLowT gave additional
support, if compared to T5HighT, especially for short-
time exposure (Fig. 16d-f). Fine cellular structure
and supersaturation are not present in the T6 state.
Therefore, the precipitation of strengthening second-
ary phases, which is more pronounced in the T6 alloy
than in the T5 condition, is presumably the dominant
mechanism governing the high-temperature response.
Thermal resistance of T6 cast alloys is explained by
the presence of Cu-based phases (9-Al,Cu and even-
tually Q-Al;Cu,MggSi¢) being stable for temperatures
up to 300 °C [31]. Therefore, based on the OA curves,
it could be inferred that an analogous mechanism
dominates also the PBF-LB T6 alloy. 0-Al,Cu phases
have indeed been observed also in the T6 alloy stud-
ied in the present work, in the form of plate-like
precipitates within Al cells, along with spherical Si
precipitates (Fig. 15). Since TEM analyses did not
reveal the presence of Q-phase or Fe-based particles,
the improved thermal stability of the PBF-LB alloy at
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Figure 17 Comparison of overaging (OA) behavior of the
AlSi9Cu3 PBF-LB alloy studied in the present work and conven-
tional Al-Si—Cu-Mg cast alloys previously studied by the authors

higher temperatures, compared with the cast alloys,
may be attributed to the homogeneous dispersion of Si
nanoparticles. These outcomes were also corroborated
by microstructural analyses carried out on samples
overaged for 6 h at 290 °C (Fig. 12e-h). This OA con-
dition was selected as representative because all the
investigated heat-treatment states reached a hardness
plateau at this point, thereby minimizing the possi-
ble effects of excessive coarsening due to prolonged
exposure. Passing from AB to T5LowT and T5HighT,
the effect of high-temperature exposure on the cellu-
lar structure becomes progressively more pronounced.
OA gradually induced the coarsening and eventually
the breakdown of the cells’ borders, evolved from an
almost interconnected network into globular particles.
If the network before OA was continuous, like in the
case of AB, after OA traces of the cellular structure can
still be recognized (Fig. 12e). Otherwise, if the network
was modified by T5 treatment, especially if performed
at high temperature, the modification of the cellular
microstructure is much more evident (Fig. 12g). The
evolution of the Si network during overaging supports
the hypothesis that this microstructural feature plays a
major role in providing thermal stability. EDS analyses
on OA conditions (Fig. 13d—f) showed that among the
fragmented and globalized Si network, also Cu-rich

@ Springer
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[28, 60]. OA curves are obtained at: a 200, b 245, and ¢ 290 °C
for all the considered alloys.

particles were formed, presumably due to the coa-
lescence of smaller particles. On the other hand, OA
did not significantly modify the morphology of the
T6 microstructure, but a significant coarsening of both
Si-rich and Cu-rich particles was observed (Fig. 12h).
In particular, as also suggested by EDS analyses in
Fig. 13f, nanometric Cu-rich particles evolved in
micrometric globules after OA. This outcome corrobo-
rates the hypothesis that coarsening of reinforcing par-
ticles is the main responsible for the high-temperature
response of the alloy in the T6 state.

Conclusions

This research aims to investigate the aging and overag-
ing behavior of the AlSi9Cu3 alloy produced by pow-
der bed fusion additive manufacturing (PBF-LB) by
correlating mechanical (hardness) measurements with
a comprehensive microstructural study. The study
seeks to optimize post-processing heat treatments
tailored to the peculiar PBF-LB microstructure and
to assess the high-temperature response of the opti-
mized conditions. Two strategies were investigated:
short-term direct aging treatments for strengthening
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(T5LowT) or stress relieving (T5HighT), and a tailored
Té6 treatment. The following conclusions can be drawn:

— As-built (AB) alloy is characterized by a high hard-
ness (approximately 150 HB10) by reason of the
extremely fine cellular solidification structure and
supersaturation condition resulting from the PBF-LB
process. Concurrently, the alloy in the AB state is also
characterized by significant tensile residual stress.

— Direct aging (T5) treatments are enabled by the
supersaturation of AB alloy, and both short-term
treatments induced a homogeneous precipitation
of Si nanoparticles and 0-Al,Cu phases, with peak
aging obtained at the low-temperature treatment
(T5LowT, + 7% from AB) where reinforcing parti-
cles were finer. The high-temperature treatment
(T5HighT) produced an increased precipitation of
Si and 0-Al,Cu phases but also their coarsening,
leading to an overall slight decrease in hardness that
could enhance ductility (- 7% from AB). However,
both T5 preserved the peculiar fine cellular structure
of the AB state and succeeded in decreasing the ten-
sile residual stress by approximately 40%.

— Tailored T6 treatment, optimized to avoid excessive
coarsening, induced a complete transformation in
the microstructure. Solution treatment converted
the interconnected cellular network of the AB alloy
into a homogeneous distribution of submicrometric
globular Si-rich particles within the Al matrix. Along
with the loss of the supersaturation condition, micro-
structural changes led to a drop in hardness (approx-
imately — 30% from AB). However, the following
aging state led to hardness increase, up to a value
comparable to T5HighT, thanks to the precipitation
of mainly 6-Al,Cu phases. Furthermore, complete
relief of residual stress was evidenced in T6 samples.

- Exposure at high temperature led to an overall
decrease in alloy hardness for all the considered con-
ditions; however, the decrease was significantly more
accentuated and accelerated in case of T6 samples,
whose behavior is comparable to previously inves-
tigated cast alloys. Microstructural analyses suggest
that the fine cellular structure of AB and T5 states is
the most effective strengthening mechanism to face
high temperatures.
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