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1. Introduction

The continuous research of new technologies and materials to
reduce the CO2 footprint has led to a significant interest in addi-
tive manufacturing (AM). In particular, the laser-based powder
bed fusion (L-PBF) process represents one of the most attractive
technologies currently available for producing complex-shaped
components characterized by light structures and high mechani-
cal performance.[1,2] Transportation and energy are probably the

main industrial sectors that can signifi-
cantly benefit from reducing the mass
and size of mechanical parts manufactured
by the L-PBF process to reduce their envi-
ronmental impact.[3,4] Fuel injectors, heat
sinks, mixing and swirling burner tips, pis-
tons, gas turbines, and aerodynamic parts
are, in fact, a few examples of possible L-
PBF-produced components.[5–7] However,
thin-walled and lattice design solutions
require the continuous development of
new thermally stable materials capable of
withstanding the thermomechanical stresses
caused by the severe operating conditions
(high temperatures and long service times)
occurring in automotive, aeronautical, aero-
space, and energy applications.[8–10]

Among the metals used in the L-PBF
process, the Al–Si–Mg alloys represent an
up-and-coming solution for producing
structural components.[11] They meet both
mechanical (high strength-to-weight ratio)
and production requirements (good fluidity

and weldability) compared to other Al-casting alloys, such as the
heat-resistant Al–Cu and Al–Zn alloys.[12–15] The Si content close
to the eutectic point reduces the solidification range and
increases the powder bed’s laser absorption, thus improving
the melt pool (MP) fluidity and simplifying the printing
process.[16] In addition, the high Mg content enables precipita-
tion of the Mg2Si precursor phases during the printing process,
further strengthening the Al matrix.[17,18]

The AlSi10Mg alloy is currently the most common Al–Si–Mg
alloy used in the L-PBF process. The cellular structure of the
as-built (AB) L-PBF AlSi10Mg alloy consists of sub-micrometric
cells of supersatured α-Al phase surrounded by a eutectic-Si net-
work, which gives high hardness and tensile strength values at
the expense of ductility.[19–21] However, as widely described by
the authors in previous work,[22] the thermally activated diffusion
processes alter the metastable microstructure of the AB alloy, act-
ing on the size and morphology of the dispersed (nano-sized Si
precipitates and precursors of the Mg2Si equilibrium phase)
and aggregated (eutectic-Si network) strengthening phases.
Consequently, given the complexity of the topic, the literature
in recent years has mainly focused on the effects of process
parameters and heat treatments on the microstructure and the
mechanical properties at room temperature (RT) of the L-PBF
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In recent years, the AlSi10Mg alloy produced by laser-based powder bed fusion
(L-PBF) has gained more attention for increasing the strength-to-weight ratio in
structural parts subjected to severe operating conditions. Herein, the effects of
thermal exposure (0–48 h at 200, 210, and 245 °C) on the metastable micro-
structure of the L-PBF AlSi10Mg alloy and the high-temperature (200 °C) tensile
properties post-overaging (41 h at 210 °C) of the heat-treated alloy is investigated.
In particular, two specific heat treatment conditions, currently neglected in the
literature, are analyzed: i) T5 heat treatment (direct artificial aging: 4 h at 160 °C),
and ii) the innovative T6R heat treatment (rapid solution: 10 min at 510 °C, and
artificial aging: 6 h at 160 °C). The T5 shows a lower decrease in mechanical
properties after thermal exposure and during the high-temperature tensile test
than the T6R. This behavior is related to the higher efficiency of the submi-
crometric cellular structure in hindering the dislocation motion. In addition, the
T5 has good tensile properties compared to high-temperature Al–Si–Mg- and
Al–Si–Cu–Mg-casting alloys, representing an attractive option in future industrial
applications characterized by operating temperatures up to 200 °C.
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AlSi10Mg alloy, omitting the analysis of the effect of long-term expo-
sure at high temperatures (near or higher than 200 °C) on micro-
structure and mechanical behavior. However, this lack of
knowledge concerning the L-PBF AlSi10Mg alloy limits its use in
producing directly or indirectly heat-exposed high-tech components.

To the best of the authors’ knowledge, only a few studies
focused on the high-temperature mechanical behavior of the
L-PBF AlSi10Mg alloy in AB or heat-treated conditions. Uzan
et al.[23] evaluated the high-temperature mechanical properties
of the L-PBF AlSi10Mg alloy subjected to stress relieving (SR)
(2 h at 300 °C) in a range between 25 and 400 °C. In particular,
they observed a significant decrease inmechanical strength (yield
strength [YS] and ultimate tensile strength [UTS]) and an
increase in elongation to failure (ef ) with increasing test temper-
ature. Furthermore, the analysis of the true stress–true strain
curves showed strain-hardening phenomena only at tempera-
tures below 200 °C. Lehmhus et al.[24] observed comparable
results on the SR alloy (2 h at 350 °C) tested at 125, 250, and
400 °C, reporting a significant reduction in strength above
250 °C and the dominant effect of temperature on building
orientation. Tocci et al.[25] shifted their attention on the L-PBF
AlSi10Mg alloy in AB condition and post-thermal exposure
(10 h at 100 and 150 °C), observing during high-temperature ten-
sile tests (100 and 150 °C) a slight decrease in UTS, a significant
increase in ef, but no effect on YS. Cao et al.[26] delved into this
topic, evaluating the effect of thermal exposure on the AB alloy
up to 400 °C and observing the remarkable increase in ef due to
softening mechanisms at elevated temperatures.

However, as Lehmhus et al.[24] highlighted, further studies
should investigate the effects of thermal exposure on the kinetics
of microstructural evolution and overaging phenomena, quanti-
fying the high-temperature performances of the L-PBF AlSi10Mg
alloy subjected to different heat treatments, that is, direct aging
(T5) and solutioning plus artificial aging [AA] (T6).

Therefore, this work aims to fill the knowledge gap on the effects
of overaging and high temperatures on the peculiar microstructure

and the tensile properties of the L-PBF AlSi10Mg alloy subjected to
an optimized direct aging treatment (hereafter T5) and an innova-
tive rapid solution treatment (hereafter T6R). The heat-treatment
conditions were selected based on previous work,[22] as the T5
slightly increased the mechanical properties of the AB alloy, pre-
serving its microstructure and strengthening mechanisms, while
the T6R obtained the best compromise between strength and duc-
tility compared to other conditions assessed.

The results of the high-temperature mechanical characteriza-
tion were compared to those of previous studies carried out by
the authors on various Al-casting alloys developed explicitly for
high-temperature applications.[27–30]

2. Experiemental Section

The specimens (bars with a diameter of 9mm and height of
77mm) were produced using the SLM500 system (SLM Solution
Group AG, DE) on a heated platform (150 °C) under an Ar atmo-
sphere, with a total printing time of approximately 30 h. The sam-
ples were removed from the platform by wire electrical discharge
machining. The chemical composition and physical properties of
feedstock powder and the L-PBF process parameters are reported
in Table 1. In particular, the selection of process parameters aimed
at achieving the best compromise between building rate and bulk
material density to optimize industrial productivity and mechanical
properties of the L-PBF-produced components.

L-PBF-produced specimens were subjected to T5 and T6R heat
treatment according to the conditions reported in Table 2 and opti-
mized in Ref. [22]. Solution treatment (SHT) and AA were carried
out in an electric furnace with a temperature control of �5 °C.

Overaging (OA) curves (hardness as a function of temperature
and time) evaluated the effects of thermal exposure at 200, 210,
and 245 °C (overaging temperatures [TOA]) for an exposure time
(tOA) on the T5 and T6R heat-treated alloys, up to a maximum
of 48 h. The OA conditions analyzed both the effects on the

Table 1. Chemical composition [wt%] and physical properties of the AlSi10Mg powder supplied by the producer; L-PBF process parameters and scan
strategy conditions.

Chemical composition

Element [wt%] Al Si Mg Fe Cu Mn Ni Pb Sn Ti Zn

Powders Bal. 9.210 0.270 0.150 0.001 0.006 0.003 0.001 <0.001 0.05 0.002

Powder physical properties

Tap density [g cm�3]
American society for testing
and materials (ASTM) B527

Carney apparent density
[g cm�3] ASTM B417

Relative
humidity [%]

Static carney flow test
[s (150 g)�1] ASTM B964

Powders range size [μm]
ASTM B822, B221, B214

1.80 1.49 4.6% 32 20–63

L-PBF process parameters

Atmosphere Heated platform
[°C]

Laser power
[W]

Scan speed
[mm s�1]

Spot diameter
[μm]

Layer thickness
[μm]

Hatch distance
[μm]

Energy density
[J mm�3]

Ar, O2< 0,2 vol% 150 350 1150 80 50 170 36

L-PBF Scan strategy

Bidirectional stripes scan strategy of 67° rotation between subsequent layers and remelted contour zone strategy at the end of each scanning
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metastable microstructure of the typical average temperatures
(200 and 210 °C) experienced by a high-performance motorbike
engine during a race[30] and the effects of peak operating temper-
ature (245 °C) inside the cylinder.[9]

Hardness values were measured through the Brinell test
(hereinafter HB10) with a 2.5 mm diameter steel ball and a
62.5 kgf load, according to the ASTM E10-18 standard.[31] At least
five measurements were performed for each time-temperature
combination, then average values and standard deviations were
reported in OA curves. A field-emission gun scanning electron
microscope (FEG-SEM, TESCANMIRA3) equipped with energy-
dispersive X-ray spectroscopy (EDS) was used for microstructural
analysis. Microstructural characterization was performed for
each investigated temperature (200, 210, and 245 °C) to observe
the microstructural modification induced by thermal exposure.
Metallographic samples were embedded in resin, grounded
and polished according to ASTM E3,[32] and chemically etched
with Weck’s reagent (3 g NH4HF2, 4 mL HCl, 100mL H2O)
according to ASTM E407.[33] Image analysis, aimed at determin-
ing quantitative parameters of the Si particles present in the T6R
alloy, was carried out by the ImageJ software on 5 images at 7.5kx
magnification for a total area of about 4� 10�3 mm2, according
to Ref. [34].

High-temperature (200� 5 °C) tensile tests were carried out
on T5 and T6R alloys after OA at 210 °C for 41 h (T5OA and
T6ROA). OA conditions for tensile tests were chosen to reproduce
the average operating conditions typical of racing engine
heads.[30] Four-round dog-bone specimens for each tested condi-
tion were considered and machined from L-PBF-produced bars
(Figure 1). A screw testing machine, equipped with a resistance
furnace and a high-temperature strain gauge, performed the tests
at a strain rate of 3.3� 10�3 s�1 according to ISO 6892-1 and ISO
6892-2.[35,36] The heating rate in the furnace reached the testing
temperature (200� 5 °C) within 30min. Once reached the test-
ing temperature, the specimens were maintained at 200 °C for
30min before starting the tensile test to homogenize the temper-
ature in the whole specimen. Two K-type thermocouples were
placed next to the specimen in the upper and bottom zones of
the calibrated gauge length to check the temperature’s

uniformity during the furnace’s holding time. The temperature
was maintained at 200 °C until the failure of the sample. After the
high-temperature tensile tests, the residual hardness of the sam-
ples was evaluated by five HB10 measurements.

Results of high-temperature tensile tests were compared to
RT tensile properties reported in Ref. [22] and to previous
mechanical characterizations carried out by the authors on
other Al-casting alloys.[29,30] The plastic behavior of the L-PBF
AlSi10Mg alloy was described by Hollomon’s equation
(Equation (1)) to study the effects of OA and high-temperature
test on the strain-hardening ability of L-PBF AlSi10Mg alloy[4,37]

σ ¼ Kεn (1)

The elastic strain was subtracted from the total strain for cal-
culation of the true strain according to ISO 10 275 standard.[38]

The strength coefficient K and the hardening exponent n were
evaluated using true stress–true strain data between 2% plastic
strain and the percentage plastic extension at maximum force.[38]

Fractographic analyses, carried out using the FEG–SEM,
highlighted the differences in fracture mechanisms among
samples tested at RT and high temperature.

3. Results and Discussion

3.1. Effects of Overaging on Hardness and Microstructure

OA curves (Figure 2) describe the effects of high-temperature
exposure on the L-PBF AlSi10Mg alloy. Hardness measurements
were performed on T5 (Figure 2a) and T6R (Figure 2b) samples
exposed at 200, 210, and 245 °C up to a maximum of 48 h.

At 200 and 210 °C, the T5 alloy shows a comparable slight
decrease (about 1 HB10 h

�1) in the first 8 h from the initial hard-
ness (122 HB10). However, for longer exposure times (up to
48 h), the drop is more significant at 200 °C (106 HB10

(�13%)) than at 210 °C (98 HB10 (�20%)). Instead, at 245 °C,
the T5 alloy reaches 91 HB10 in just 8 h (�25%), while in the
following 40 h arrives at the minimum value of 80 HB10

(�35%) (Figure 2a). These different performances can be
explained in light of the microstructural evolution induced by
OA.[39,40] Therefore, AB and T5 microstructures before and
after exposure to 200, 210, and 245 °C for 48 h (hereafter
T5–200 °C, T5–210 °C, and T5–245 °C, respectively) are shown in
Figure 3.

AB and T5 alloys have very similar microstructures,[22] consti-
tuted by an ultrafine sub-micrometric structure of supersatured
α-Al cells surrounded by a eutectic-Si network (Figure 3a,b)
resulting from the high solidification rate.[41,42] Furthermore,
Si forms nano-sized precipitates inside the α-Al cells[39,43] and
Mg2Si precursors phases (β 0 and β 00) by reacting with Mg,
which mainly segregates in the intercellular network along
cell boundaries.[41,43] Unfortunately, the high-strength

Table 2. Heat treatment conditions for the L-PBF AlSi10Mg alloy.

Condition T5 T6R

Heat-treatment sequence AA at 160 °C for 4 h, air cooling SHT at 510 °C for 10 min, water quenching at room temperature, AA at 160 °C for 6 h, air cooling

Figure 1. Tensile sample geometry (dimensions in millimeter).
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Figure 2. Overaging (OA) curves at 200, 210, and 245 °C for a) T5 and b) T6R.

Figure 3. T5 microstructures: a–d) before OA, e–h) T5–200 °C, i–l) T5–210 °C, m–p) T5–245 °C. Yellow arrows in k) and l) highlight the Si nanoparticles
anchored to the eutectic-Si network due to the activation of diffusion processes, which promote the formation of spherical Si-rich particles in the α-Al
matrix at 245 °C.
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microstructure is metastable and evolves toward a more stable
but less performing condition during prolonged exposure to high
temperatures.[21,40,44]

At low magnification (Figure 3a,e,i,m), microstructural mod-
ifications become appreciable only for the T5–245 °C. In this
case, the dissolution of the Si network leads to the fragmentation
into numerous irregular Si-rich particles and a decrease in the
strengthening effect by microstructural refinement and fine-
aggregated second phases (Figure 3n). The evolution in the
microstructure, which is schematized in Figure 4, is close to
the one observed in the L-PBF AlSi10Mg alloy subjected to SR
heat treatment, which is generally performed at 300 °C for
1–2 h.[19,20,45] Furthermore, the diffusion processes of Si atoms,
activated by the highest TOA, lead to the coarsening of the nano-
sized Si particles in the α-Al matrix (Figure 3o,p).

Evident changes in the eutectic-Si network as a consequence
of thermal exposure can be observed at higher magnifications
starting from the T5–210 °C. Figure 3k,l shows the initial disso-
lution step of the eutectic-Si network, which appears partially
fragmented and shows Si nanoparticles anchored to its branches.
During the diffusion processes, the Si atoms move from the
eutectic-Si network to the Al matrix to form new Si particles
and coarse preexisting nano-sized Si particles to minimize the
internal energy of the microstructure.[21,44] As a result, the Si net-
work begins to shrink while the Si particles continue to coalesce
and develop.[46] The T5–200 °C does not show this phenomenon
(Figure 3g,h), and the eutectic-Si network has a homogeneous
and smooth structure (Figure 3c,d). Even though the
T5–200 °C and T5–210 °C have a eutectic-Si network character-
ized by different morphology (Figure 3b,f,j,n), the micrographs
show a similar density of Si particles within the α-Al cells, con-
firming that the diffusion of Si atoms from the eutectic-Si net-
work to the Al matrix takes place also at 200 °C.[39,40,47] Instead,
the higher diffusion rate in the T5–245 °C promotes the forma-
tion of larger nano-sized Si particles compared to the T5–200 °C
and T5–210 °C.

Even though TEM analysis would be necessary for evaluating
the effects of OA on nano-sized Si- and Mg2Si-strengthening pre-
cipitates, several authors agree that prolonged thermal exposure
generates diffusion-driven phenomena and a rapid coarsening of
the reinforcing precipitates (Ostwald ripening mechanism) in
heat-treated Al-casting alloys[8,9,27,28,30] and heat-treated L-PBF
AlSi10Mg alloy.[17,20,47] These phenomena lead to a microstruc-
ture containing larger but fewer precipitates that offer less

contribution to alloy strengthening and hardness due to 1) lower
precipitate/matrix interfacial area; 2) lower density of obstacle to
dislocationmotion, and 3) lower coherence between the strength-
ening precipitates and α-Al matrix.

OA curves of the T6R alloy (Figure 2b) show a significant
decrease in hardness after 48 h for all the investigated tempera-
tures: 1) �19% at 200 °C, 2) �25% at 210 °C, and 3) �44% at
245 °C. At 245 °C, the drop in hardness occurs almost immedi-
ately: after 2 h, the residual hardness equals 57 HB10, close to
the minimum value of 51 HB10 measured after 48 h. OA curves
at 200 and 210 °C show different trends: they start from a
comparable decrease in hardness (2.2–2.9 HB10 h�1) up to 8 h,
however, differing for longer soaking times. In particular, at
200 °C, the T6R alloy reaches a minimum value of 63 HB10 in
the following 40 h. Conversely, at 210 °C, it shows a value of 55
HB10 after only 24 h, very close to the residual hardness after
48 h (51 HB10).

The T6R microstructures before and after thermal exposure at
200, 210, and 245 °C for 48 h (hereafter T6R–200 °C, T6R–210 °C,
and T6R–245 °C, respectively) are reported in Figure 5.

The microstructure of the T6R alloy consists of a composite-
like microstructure of Si-rich particles embedded into the α-Al
matrix (Figure 5a).[22] During the SHT step, two different
solid-state diffusion-driven mechanisms lead to the fragmenta-
tion of the eutectic-Si network, the spheroidization of Si, and
the coarsening of the nano-Si precipitates, that is, 1) the surface
self-diffusion, in which the atoms move by surface diffusion, and
2) the interdiffusion at the Al/Si interface, in which the Si atoms
move through the Al matrix.[44] In addition, during the AA
step, the precipitation of both β 0 0- and β 0-strengthening phases
(precursors of the Mg2Si equilibrium phase) occurs, introducing
precipitation hardening.[17,42] Therefore, OA could have two
main effects on the microstructure: 1) modification of the size
of the Si particles developed during the SHT[16,21,46] and 2) coars-
ening of the Mg2Si coherent precipitates obtained during the
AA[13,44,48].

In the T6R–200 °C, a minimal change in Si particle size and
distribution (Figure 6a,b) is visible, as confirmed by Si interpar-
ticle spacing (Table 3). Despite the low increase in TOA, the
T6R–210 °C (Figure 5c) shows a remarkable increase (þ14%)
in Si particle size (Figure 6a), a decrease in the number of
Si particles per unit area (�18%) (Figure 6b) and an increase
in Si particle interspacing (þ9%) (Table 3) compared to the
T6R. As expected, the T6R–245 °C shows the most significant

Figure 4. Scheme of the microstructural evolution in the T5 alloy induced by thermal exposure: a) before OA, the continuous eutectic-Si network sur-
rounds the sub-micrometric cells of supersatured α-Al phase; b) during the first phases of thermal degradation, fragmentation of the eutectic-Si network
and the consequent formation of the first Si nucleus occur; c) as the thermal exposure continues, coarsening of the first Si nucleus brings to the formation
of the Si particles embedded into the α-Al matrix (if TOA and tOA are sufficient).
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effects on the T6R microstructure. The higher TOA leads to a
further increase in Si particle size (þ21%) (Figure 6a), a
decrease in the number of Si particles per unit area (�32%)
(Figure 6b), and an increase in Si particle interspacing
(þ14%) (Table 3) compared to the T6R.

Even though microstructural analyses can easily observe the
coalescence of the Si particles, its effect on the hardness of
the T6R alloy is negligible compared to the coarsening of the
strengthening precipitates. In previous authors’ work,[22] an
increase of the Si particle size up to 300% led to a hardness
decrease of only 3% in the T6 peak-aged condition. Therefore,
the decrease in hardness is probably due to the coarsening of
the Mg2Si-strengthening precipitates. Furthermore, OA curves
suggest that thermal exposure at 210 °C for 24 h or at 245 °C
for 8 h promotes the formation of incoherent β-Mg2Si phase,
while at 200 °C only a partial coarsening of the strengthening pre-
cipitates occurs.

In summary, for the same TOA and tOA conditions, T5 shows a
lower hardness decrease than T6R. Therefore, the sub-micrometric
cellular structure of T5 appears to bemore capable of hindering the
dislocation motion than the composite-like microstructure of T6R,
even after long thermal exposure.

3.2. Tensile Tests

Tensile tests were performed at 200 °C on overaged (210 °C for
41 h) samples to compare the results of the tests with the experi-
mental data of previous mechanical characterizations carried out
by the authors on Al-casting alloys.[27–30,49]

3.2.1. Tensile Properties

The results of tensile tests at RT (T5–RT and T6R - RT) and high
temperature (T5OA–200T and T6ROA–200T) performed on the
L-PBF AlSi10Mg alloy are reported in Figure 7. Hardness
measurements were carried out on all specimens after tests.
Representative engineering stress–strain curves and correspond-
ing true stress–true strain curves are reported in Figure 8 and
compared to AB curves from Ref. [22].

At RT, the T5–RT presents stress–strain curves almost
superimposed on AB–RT; as described in Ref. [22], the T5 heat
treatment slightly increases the tensile properties of the AB alloy
by precipitation hardening, preserving its plastic behavior. In
contrast, the T6R heat treatment significantly increases the
strength–ductility balance by completely changing the plastic
deformation mechanisms of the material.

As expected, the specimens overaged and tested at 200 °C
show an evident decrease in YS, UTS, and hardness values
compared to the RT specimens, respectively, �42%, �60%,
and �18% for the T5OA–200T, and �65%, �70%, and �42%
for the T6ROA–200T. Conversely, the ef showed a significant
increase (þ65%) for the T5OA–200T but a negligible increase
for the T6ROA–200T.

According to microstructural analyses (Figure 3), the decrease
in tensile properties (YS and UTS) for the T5OA–200T condition
is mainly due to 1) partial or total fragmentation of the eutectic-Si

Figure 6. a) Effects of OA (200, 210, and 245 °C for 48 h) on Si particle average area and b) the number of Si particles per unit of area of the T6R alloy.

Figure 5. Si particle characterization of the T6R alloy evaluated: a) before OA, b) after OA at 200 °C, c) 210 °C, d) and 245 °C for 48 h.

Table 3. Interparticle spacing (λ) and interparticle spacing variation (Δλ)
compared to the T6R alloy for the different OA conditions.

Condition λ [μm] Δλ [μm] Percentage increase

T6R 0.57� 0.02 – –

T6R–200 °C 0.58� 0.01 0.01 1.8%

T6R–210 °C 0.62� 0.03 0.05 8.8%

T6R–245 °C 0.65� 0.04 0.08 14.0%
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network, 2) coarsening of the nano-sized Si precipitates and pre-
cursors of the Mg2Si equilibrium phase, and 3) reduction of Si
atoms in solid solution. These changes in the strengthening
mechanisms lead to decreased strength and increased ductility
due to the lower pinning effects on the dislocation motion.
Moreover, during the high-temperature tensile test, softening
of the Al matrix occurs, decreasing the activation energy for
the dislocation motion and increasing the number of activated
sliding planes. This phenomenon stimulates the dislocation
motion by climbing and gliding compared to pileup phenomena,
leading to increased ductility.[49–51]

For the T6ROA–200T, the loss of precipitation hardening is the
leading cause of the decrease in YS, UTS, and hardness values.
Conversely, the negligible effect of OA and high-temperature
testing conditions on the ef is probably attributable to an inho-
mogeneous and localized plastic deformation of the α-Al matrix
that, from a macroscopic point of view, avoids an increase in uni-
form deformation, as observed in the T5OA–200T. This aspect

will be further described in the following sections concerning
the plastic behavior of the material and the fracture surface
analyses.

3.2.2. Plastic Behavior

T5 and T6R alloys show a different mechanical behavior evi-
denced both by the work-hardening exponent (Figure 9), which
was evaluated by the true stress–true strain curves in Figure 8b,
and by the analysis of the elastic, plastic, and necking fields
reported in Figure 10, which was evaluated by the engineering
stress–strain curves (Figure 8a).

As is well known, engineering stress–strain curves can be
divided into three fields: elastic (up to YS), plastic (uniform
strain) from YS to UTS, and necking (localized strain) from
UTS to failure (Figure 10a). The stress–strain ratio increases lin-
early in the elastic range until the dislocation slip. As dislocation

Figure 7. a) Hardness and b–d) tensile properties (yield strength [YS] (b), ultimate tensile strength [UTS] (c), and ef (d)) of the T5 and T6R alloy tested at
i) room temperature (RT) (T5–RT and T6R–RT) and ii) high temperature (T5OA–200T and T6ROA–200T).

Figure 8. a) Representative engineering stress–strain curves and b) true stress–true strain curves of the T5 and T6R alloy tested at i) RT (T5–RT and
T6R–RT) (dashed lines) and ii) high temperature (T5OA–200T and T6ROA–200T) (solid lines). Data is compared to the as-built (AB) curves tested at RT.
The elastic strain is subtracted from the total strain for calculation of the true strain according to ISO 10 275:2020 standard.[40]
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interactions increase, uniform plastic deformation and work-
hardening until necking occur.[37] The different extension of
these three regions of the tested samples is shown in
Figure 10b as the ratio between the extension of the single strain
field and the total strain field.

In the T5–RT, necking is substantially absent (Figure 8b
and 10b). In particular, the high percentage of uniform elonga-
tion compared to the total elongation (85%) is evidence of the
high strain-hardening ability (Figure 9). As described by
Considère’s criterion,[42] strain–hardening delays the localized
deformation and, therefore, the necking phenomenon. In the
T5–RT, failure occurs during strain-hardening and before
necking due to the high dislocation density and the presence
of defects such as porosities or lack of fusions.[42,52,53]

Conversely, the T6R–RT shows a low strain-hardening value
(Figure 9) and a significant tendency to necking (Figure 8b
and 10b). The T6R microstructure is, in fact, less effective in hin-
dering the dislocation motion than the microstructure of the T5
one. This difference limits the formation of a high density of dis-
locations in small areas, inducing lower n-index values.[42]

The T5OA–200T and T6ROA–200T are characterized by i) lower
n-index values than T5–RT and T6R–RT, respectively, equal to
�77% and�80% (Figure 9); ii) higher necking, respectively, equal
to þ55% and þ76% of the total strain field (Figure 10b). The
combined effects of OA and high testing temperature modify

the plastic deformation mechanisms. They increase the localized
deformation phenomenon because of 1) the thermal softening of
the α-Al matrix occurring at high temperatures, 2) the increase
of vacancies by diffusion phenomena, and 3) the loss in efficiency
of the strengthening mechanisms.[37,54,55]

However, the T5OA–200T preserves a minimal strain-
hardening ability, thanks to the ultrafine cellular structure still
present at high temperatures (Figure 3i).[43] In contrast, the
T6ROA–200T loses almost wholly the strain-hardening ability
due to the decrease in the strengthening effect of the Mg2Si pre-
cipitates induced by the high temperature.[24,28,37]

3.3. Fractography

In this section, the effects of OA and high temperatures are eval-
uated by comparing the fracture surfaces of the samples tested at
200 °C (T5OA–200T and T6ROA–200T) and the samples tested at
RT (T5–RT and T6R–RT).

At low magnification, the fracture surfaces of the T5–RT and
T5OA–200T show comparable fracture morphology (Figure 11a,b,
e,f ), consisting of 1) interlayer fracture path at the eutectic-Si net-
work/Al matrix interface, 2) presence of defects, in particular gas
pores, and 3) flat fracture morphology in correspondence of the
scan-track segments.[19] However, the effects promoted by OA
and high testing temperature, including the Al matrix softening
and the lower cohesion between Al cells and the eutectic-Si net-
work, determine more significant plastic deformation and the
formation of larger dimples.[30,37,48]

At higher magnification (Figure 11c,d,g,h), the T5–RT and
T5OA–200T show shallow micro- and sub-micrometric dimples,
reflecting the sub-cellular microstructure. Where the eutectic-Si
network is continuous and not fragmented, the microstructure is
more effective in hindering dislocation slip and reducing the
plastic deformation area[55] and develops small dimples propor-
tional in size to the spacing of the aggregated second phase.[56] A
partially fragmented and coarsened cellular structure leads,
instead, to the formation of larger dimples, as observed in the
T5OA–200T. To explain this fracture behavior, it is worth noting
that the void initiation at the Si network/α-Al cell interface is an
energetic process where a threshold value of work “W” is neces-
sary to create the crack between the aggregated second phase and

Figure 9. Work-hardening exponent evaluated for the T5 and T6R
alloy tested at i) RT (T5–RT and T6R–RT) and ii) high temperature
(T5OA–200T and T6ROA–200T).

Figure 10. a) Schematic subdivision in the engineering stress–strain curves of the total strain (εtot) into elastic (εelastic), plastic (εplastic), and
necking (εnecking) fields. b) Percentage subdivision of the stress–strain curves into elastic, plastic, and necking fields for the T5 and T6R alloy tested
at RT (T5–RT and T6R–RT), and high temperature (T5OA–200T and T6ROA–200T).
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the Al matrix. W depends on three factors: the surface energy of
the matrix γAl, the surface energy of the aggregate second phase
γSi, and the interface energy γAl–Si (Equation (2)).[52]

W ∝ γAl þ γSi þ γAl�Si (2)

Dissolution of the eutectic-Si network at high temperatures
increases the strain field due to the difference in the lattice
parameters of the Si and Al and the lower coherency between
the harder-Si phase and the softer-Al matrix.[50,52] Those two phe-
nomena increase γAl–Si, thus reducing the work necessary to
nucleate a void at the α-Al matrix/second-phase interface.

The effectiveness of this microstructure at high temperatures
explains the lower percentage decrease in strength properties of
the T5OA–200T compared to the T6ROA–200T. At the same time,
the local increase in plastic flow at the α-Al cell/eutectic-Si
network interface, and in particular around the fragmented
zones where larger dimples are present (Figure 11e,f ), is
likely the cause of necking and increase in the ef value for the
T5OA–200T compared to the T5–RT.

The T6R–RT and T6ROA–200T (Figure 12a,b,e,f ) exhibit at low
magnification a higher gas pore density on the fracture surfaces,
compared to the T5OA–200T and T5–RT, probably due to the
effects of the SHT.[57] The T6R–RT shows scan tracks on the frac-
ture surfaces, which are not detected on the T6ROA–200T due to
the irregular morphology induced by the necking.

For the T6R–RT and the T6ROA–200T, the fracture propagates
by joining gas pores and the voids present at the Si particles/α-Al
matrix interface with a similar mechanism described for the
T5OA–200T and reported in Ref. [22]. The morphology, size,
number, and distribution of the Si particles strongly influence
the decohesion phenomena within the α-Al matrix and the size
and depth of the dimples (Figure 12c,d,g,h).[58,59] The coarsening

of Si particles and the material softening lead to larger dimples in
the T6ROA–200T than in the T6R–RT. The effect of the large Si
particles on the local plastic deformation of the alloy can be
observed in Figure 12g,h; these clearly show the plastic flow
of the Al matrix around the Si particles, which are located at
the center of the dimples. The formation of larger dimples in
the T6ROA–200T may explain the negligible increase in ef
compared to the T6R–RT, despite the matrix softening.[59] The
deformation in the T6ROA–200T is not homogeneous, and it con-
centrates around the largest Si particles due to the higher local
plastic flow (Figure 12e),[37,50] thus reducing the uniform strain
of the material, as highlighted by the data reported in Figure 10b.

3.4. Comparison between the High-Temperature Performance
of the L-PBF AlSi10Mg Alloy and Al–Si-Casting Alloys

In this section, the tensile behavior at RT and 200 °C on overaged
samples (210 °C for 41 h) (200T) of the T5 and T6R alloy is
compared to the A356 (Al–Si–Mg ternary alloy), A354, C355,
and A357þCu (Al–Si–Mg–Cu quaternary alloys)-casting alloy,
whose composition are reported in Table 4. The casting alloys
considered in this comparison were subjected to the hot isostatic
pressure (HIP) process, which is commonly used in the
production of high-value-added-casting components to reduce
the internal volume of solidification defects (e.g., gas pores or
interdendritic shrinkages), and to the T6 heat treatment.[27–30]

Different chemical compositions directly affect the mechani-
cal behavior of the casting alloys. The T6 hot isostatic pressed
(T6-HIPped) Al–Si–Mg alloys have excellent strength–ductility
balance and technological properties,[8] but they exhibit a
lower high-temperature mechanical strength than T6-HIPped
Al–Si–Mg–Cu alloys.[27] The Mg2Si precipitates (β 00 and β 0

phases), in fact, quickly undergo a diffusion-controlled

Figure 11. Field-emission gun scanning electron microscope (FEG-SEM) images of the fracture surfaces of the T5–RT and T5OA–200T samples at
different magnifications: a,e) 40x, b,f ) 1.50kx, c,g) 5.00kx, d,h) and 20.0kx, respectively.
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coarsening, which leads to a progressive loss of effectiveness in
hindering the dislocation slip and lower mechanical strength in
OA conditions.[30] Conversely, in the T6-HIPped Al–Si–Mg–Cu
alloys, the presence of Cu andMg leads to the formation of the β 00

and β 0 phases, but above all of binary CuAl2 (θ 00 and θ 0), ternary
Al2CuMg (S 00 and S 0 phases), and quaternary Al5Mg8Cu2Si6 (Q 00

and Q 0) precipitates, which are characterized by higher resis-
tance to thermal coarsening than the Mg2Si ones.

[60,61]

The residual hardness after 48 h at 200 and 245 °C and the
mechanical properties at RT and high-temperature post-OA
(200T) highlight that the T5 alloy is characterized by 1) a residual
hardness higher than the Al–Si–Mg and comparable to the
Al–Si–Mg–Cu alloys (Figure 13a,b); 2) lower YS than
Al–Si–Mg–Cu and higher than Al–Si–Mg alloys in both
conditions (RT and 200T) (Figure 14a); 3) higher UTS than
Al–Si–Mg–Cu and Al–Si–Mg alloys value in RT condition, lower
UTS than Al–Si–Mg–Cu and higher than Al–Si–Mg alloys in 200T
condition (Figure 14b); 4) lower ef than Al–Si–Mg–Cu and
Al–Si–Mg alloys in both conditions (RT and 200T), except for

A354þ Cu-casting alloy (Figure 14c). The additional strengthen-
ing mechanisms (aggregated second phases and solid solution)
in the T5 alloy are more effective than the T6-HIPped A356 alloy
in maintaining a high YS value even at high temperatures but less
effective than T6-HIPped Al–Si–Cu–Mg alloys. At the same time,
the different UTS and ef values of the T5─RT condition compared
to the casting alloys considered in this study may be attributable to
its peculiar ultrafine microstructure.[22,42]

The T6R alloy is characterized by 1) the lowest residual hard-
ness post-OA (Figure 13a,b), which is comparable only to the
T6-HIPped A356 alloy; 2) lower YS and UTS values and higher
ef than Al–Si–Mg–Cu alloys in both tested conditions (RT and
200T) (Figure 14a–c); 3) higher tensile properties (YS and
UTS) than the T6-HIPped A356 alloy and comparable ef in RT
condition, but lower mechanical properties (YS, UTS, and ef )
than the T6-HIPped A356 alloy in 200T condition (Figure 14a,
b,c). The microstructures of the T6R alloy (composite-like micro-
structure of Si-rich particles embedded into the α-Al matrix) and
the Al–Si–Mg-casting alloys (α-Al dendrites surrounded by

Table 4. Average chemical compositions [wt%] of A354-, A356-, A357þ Cu-, and C355-casting alloys reported in Ref. [27,30] and L-PBF AlSi10Mg alloy
used in this study.

Chemical composition

Element [wt%] Al Si Mg Fe Cu Mn Pb Sn Sr Ti B Zn

A354 Bal. 8.470 0.444 0.135 1.57 0.001 – – 0.0240 0.126 <0.0002 –

A356 Bal. 7.240 0.420 0.138 <0.001 0.007 – – 150 ppm 0.120 – –

A357þ Cu Bal. 6.770 0.658 <0.03 1.290 <0.001 140 ppm 0.05 –

C355 Bal. 4.990 0.470 0.138 1.050 0.021 – – 210 ppm 0.133 0.001 –

L-PBF AlSi10Mg Bal. 9.662 0.285 0.120 – 0.006 0.008 0.025 – 0.017 – 0.042

Figure 12. FEG-SEM images of the fracture surfaces of the T6R–RT and T6ROA–200T samples at different magnifications: a,e) 40x, b,f ) 1.50kx, c,g) 5.00kx,
d,h) and 20.0kx, respectively.
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eutectic Al-Si) differently hinder the dislocation motion at high
temperatures, and a direct comparison will be certainly necessary
to understand the mechanisms involved.

4. Conclusions

The research activity of the present paper aimed to identify the
effects of overaging on the microstructure and the mechanical
properties of the L-PBF AlSi10Mg alloy subjected to two differ-
ent heat treatments: T5 (AA at 160 °C for 4 h) and T6R (rapid
solution at 510 °C for 10 min followed by AA at 160 °C for 6 h).
The effects of the thermal exposure were evaluated at different
temperatures (200, 210, and 245 °C) up to a maximum of 48 h.
The tensile properties were evaluated at 200 °C on T5 and T6R
samples after 41 h at 210 °C (T5OA–200T and T6ROA–200T).
Furthermore, fractographic analysis was carried out to identify

the effect of OA and high temperature on the alloy’s plastic
deformation and failure mechanisms. The mechanical
characterization results were compared to those obtained by
the authors in previous works on conventional casting alloys
Al–Si–Mg and Al–Si–Mg–Cu.

The following conclusions can be drawn. 1) The T5 alloy
shows an appreciable residual hardness with a minimum value
of 80 HB10 after thermal exposure at 245 °C for 48 h. Under the
same conditions, the T6R alloy shows a marked hardness
decrease, up to a minimum value of 50 HB10. 2) The T5 and
T6R alloys, after overaging and high-temperature testing, show
reduced mechanical strength. However, the decrease is less
evident in the T5OA–200T (�42% in YS value and �60% in
UTS value) than in the T6ROA–200T (�65% in YS value and
70% in UTS). On the contrary, ductility increases marginally
for the T6ROA� 200T (þ2% in ef ) and significantly for the
T5OA–200T (þ65% in ef ). 3) The T5–RT shows a complete plastic

Figure 14. a–c) Room-temperature (RT) and high-temperature (200 °C) tensile properties (a) YS, b) UTS, c) and ef ) in overaged conditions
(210 °C for 41 h) (200T) of the T5 and T6R alloy and the T6-HIPped Al–Si-casting alloys.[27,30]

Figure 13. Comparison of the hardness values measured on the T5 and T6R alloy and the T6 hot isostatic pressed (T6-HIPped) Al–Si-casting alloys.[27,30]

The analyzed conditions are post-OA at a) 200 °C and b) 245 °C for 48 h.
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behavior, while the T6R–RT, T5OA–200T, and T6ROA–200T are
characterized previously by a significant necking. At high tem-
peratures, the strain-hardening coefficients decrease by 77%
and 80% for the T5OA–200T and T6ROA–200T conditions, respec-
tively, due to the thermal softening phenomena and the
degradation of the strengthening mechanisms. 4) The
sub-micrometric cellular structure of the T5 alloy imparts higher
high-temperature mechanical properties compared to the
composite-like microstructure of the T6R alloy due to the higher
efficiency in hindering the dislocation motion. 5) The T5
alloy achieves mechanical properties superior to conventional
Al–Si–Mg-casting alloys and slightly inferior to Al–Si–Cu–Mg
alloys in both tested conditions (T5–RT and T5OA–200T).
Higher mechanical properties characterize the T6R–RT
condition compared to the Al–Si–Mg alloys. However, the
T6ROA–200T condition shows a remarkable drop in strength
properties (YS and UTS).

In conclusion, the T5 heat-treated L-PBF AlSi10Mg alloy can
be considered a material to be used for applications up to 200 °C.
However, further investigations, such as fatigue tests, must be
carried out to fully evaluate the mechanical behavior and the
potential of the L-PBF AlSi10Mg alloy at high temperatures.
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