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The present paper systematically investigated the influence of solution and artificial aging heat treat-
ments on the microstructures and mechanical properties of SLM-produced AlSi10Mg alloy parts. Due to
the high cooling rate of SLM, an ultrafine eutectic microstructure in the as-built samples is characterized
by spherical nano-sized network eutectic Si embedded in the Al matrix, which gives rise to significantly
better tensile properties and Vickers micro-hardness. The solubility of Si atom in the Al matrix of as-built
SLM samples is calculated to be 8.89 at%. With the increase in the solution temperature, the solubility
decreases rapidly. The artificial aging causes the further decrease of the solubility of Si atoms in the Al
matrix. Upon solution heat treatment, Si atoms are rejected from the supersaturated Al matrix to form
small Si particles. With increasing the solution temperature, the size of the Si particles increases, whereas
their number decreases. After artificial aging, the Si particles are further coarsened. The variation in size
of Si particles has a significant influence on the mechanical properties of the AlSi10Mg samples. The
tensile strength decreases from 434.25710.7 MPa for the as-built samples to 168.1172.4 MPa, while the
fracture strain remarkably increases from 5.370.22% to 23.770.84% when the as-built sample is so-
lution-treated at 550 °C for 2 h. This study indicates that the microstructure and mechanical properties of
SLM-processed AlSi10Mg alloy can be tailored by suitable solution and artificial aging heat treatments.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

AlSi10Mg alloy, a hypoeutectic alloy in the Al-Si-Mg system, is
highly demanded for many applications in aerospace, automotive
industries and heat exchanger products [1], due to its light weight,
low thermal expansion and recycling costs, and high mechanical
properties [2]. It is well known that the morphology and size of
eutectic silicon are the two most important factors significantly
affecting the mechanical properties of AlSi10Mg alloy [3]. McDo-
nald et al. [4] revealed that coarse and acicular eutectic silicon
phases initiate cracks in the tension environment, which deterio-
rates mechanical properties. Therefore, it is imperative that the
modification of coarse and acicular eutectic silicon phases is made
to improve the mechanical properties of AlSi10Mg alloy for the
ever-growing application demands in aerospace and other fields
[5].

The modification of the eutectic silicon phase can be accom-
plished by rapid solidification [6–10]. Rapid solidification (106–
_yan@hust.edu.cn (C. Yan).
108 °C/s) offers some distinct advantages such as the refinement of
microstructure, the homogeneous distribution of eutectic silicon,
the improvement of mechanical strength and ductility to meet the
increasing demand for high performance of AlSi10Mg components
[6,11]. However, it is not suitable for the majority of the casting
processes as the cooling rate of most traditional casting processes
is about 102 °C/s or less [6], and consequently the refinement of
eutectic silicon has been greatly restricted. Although the cooling
rate of melt spinning can reach 107 °C/s and nano-sized spherically
shaped eutectic Si can be formed in some Al-Si-Mg alloys [12], the
size and geometry of Al-Si-Mg components are severely con-
strained and only ribbons or small rods can be produced in the
melt spinning process [5].

Selective laser melting (SLM), as a burgeoning metal additive
manufacturing (AM) technology, is a powder bed fusion process,
which is capable of realizing metal components with complex
freeform geometries directly from three-dimensional (3D) com-
puter aided design (CAD) data [13–15]. The laser energy is ab-
sorbed by powder particles complying with the complex coupling
mechanisms between laser and materials, such as laser-bulk
coupling and laser-powder coupling, when the high energy laser
beam is radiated on powdered materials [16]. Due to the transient
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Fig. 1. Tensile specimens of AlSi10Mg alloy made by SLM.
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interaction between the laser beam and the powder bed, a high
temperature gradient (up to 105 °C/m) and a rapid cooling rate (up
to 106–108 °C/s) occurs in the SLM process [17]. Therefore, the SLM
process possessing extremely rapid solidification and a high
cooling rate has great potential for the modification of the eutectic
silicon phase in Al-Si-Mg alloys. The processing parameters of the
SLM process have a substantial effect on the refinement of eutectic
silicon and resultant mechanical properties of as-built AlSi10Mg
components.

Recently, some efforts have been made to study the AlSi10Mg
alloy fabricated by SLM. Yuan et al. [18] investigated the TiC/Al-
Si10Mg nanocomposites migration behavior and mechanism dur-
ing SLM, and found that the particle size of TiC/AlSi10Mg varied
from the standard nanoscale structure to the relatively coarsened
submicron morphology with the increase of laser energy per unit
length. Weingarten et al. [19] studied the physical mechanism of
the hydrogen pores in AlSi10Mg parts built by SLM, and the hy-
drogen porosity could be lowered by the efficient drying of the
powder as well as modification of the SLM process parameters. Qiu
et al. [20] elaborated on the influence of processing conditions on
strut structure and compressive properties of cellular lattice
structures fabricated by selective laser melting. He discovered that
the specific yield strength of AlSi10Mg is dependent of SLM pro-
cessing conditions, indicating that further improvement in prop-
erties of AlSi10Mg can be achieved by process optimization. Read
et al. [1] and Kempen et al. [21] focused their attentions on the
optimization of SLM process parameters for building nearly fully
dense AlSi10Mg parts. The as-built AlSi10Mg parts exhibit ex-
cellent mechanical properties like ultimate tensile strength owing
to the very fine microstructure, but the elongation is relatively
lower compared to the high pressure die cast counterparts.

Alloying magnesium to the Al-Si alloy enables the precipitation
of Mg2Si phase, which significantly improves ductility and
strengthens the matrix without compromising other mechanical
properties. AlSi10Mg can be hardened through the precipitation of
Mg2Si phase by a specified T6 heat treatment (solution with
complete artificial aging) [22]. Currently, there were some pre-
liminary studies on the heat treatments of as-processed SLM Al-
Si10Mg parts. Brandl et al. [22] studied the microstructure, high
cycle fatigue, and fracture behavior of as-built and peak-hardened
treatment of SLM AlSi10Mg samples. They found that post heat
treatment has the more considerable effect on the fatigue re-
sistance of AlSi10Mg than building direction, and also the fatigue
limit and static tensile strength significantly correlate with the size
and morphology of eutectic silicon. Aboulkhair et al. [23] in-
vestigated the solution heat treatment and aging duration time on
micro-hardness of SLM-processed AlSi10Mg. As far as the authors'
knowledge, few work has systematically studied on the eutectic
silicon evolution and mechanical properties of SLM-made Al-
Si10Mg parts when subjected to heat treatment.

Therefore, in the present paper, a systematically investigation
has been conducted on the influence of solution and artificial
aging on the eutectic microstructure and mechanical properties of
SLM-produced AlSi10Mg alloy parts. Also, a possible transforma-
tion mechanism of this novel eutectic microstructure is proposed.
2. Experimental details

2.1. AlSi10Mg specimens fabricated by SLM

A gas atomized AlSi10Mg powder with a normally distribution
from 20 mm to 63 mmwas supplied by TLS Technik GmbH & Co Ltd.
AlSi10Mg cubical samples of 15�15�15 mm3 and tensile bars
shown in Fig. 1 were fabricated on a SLM250 HL facility (SLM
Solutions GmbH, Germany). The SLM machine is equipped with a
400 W Gaussian beam fiber laser with a focal laser beam diameter
(Φ90%) of 80 mm. The processing parameters have been optimized
as follows: the laser power was 350W, laser scan speed was
1140 mm/s, the powder layer thickness was 50 mm and the scan
spacing was 170 mm. The SLM production was performed in an
inert argon atmosphere to avoid the pick-up of interstitial oxygen
(lower than 0.2%). The AlSi10Mg parts were cut from the Al sub-
strate using wire electrical discharge machining after production.
It is worth noting that the substrate was heated to 100 °C for the
purpose of reducing internal stress during the SLM process.

2.2. Heat treatment of SLM-produced AlSi10Mg specimens

In accordance with the standard T6 heat treatment process, the
SLM-produced AlSi10Mg specimens were solution-treated at the
different temperatures of 450 °C, 500 °C and 550 °C for 2 h, fol-
lowed by water quenching. After the solution heat treatment, one
half of the specimens were immediately subjected to artificial
aging at 180 °C for 12 h, and then all the samples were equally
water quenched to room temperature [22–27].

2.3. Microstructure and mechanical properties characterization

The microstructure of the as-built and heat-treated SLM Al-
Si10Mg specimens were characterized using a field emission
scanning electron microscope (SEM, JSM-7600F, JEOL, Japan) with
an acceleration voltage 15 kV and working distance 8 mm. Before
microstructure characterization, the specimens were grounded
and polished with an automatic polishing machine (Ecomet300/
Automet300, Buehler, America). Keller reagent (vol. 2.5% HNO3,
vol. 1% HF, vol. 1.5% HCl, vol. 95% H2O) was used to reveal the
general structure of the polished sample. X-ray diffraction (XRD)
measurements were performed on a XRD-7000S (Shimadzu, Ja-
pan) with a Cu tube at 40 kV and 30 mA. The diffraction angle of
2θ varied from 20° to 110° with a step size of 0.02°.

The tensile strength of the AlSi10Mg specimens before and
after the heat treatments were characterized by a high-precision
electronic universal testing machine (AG-100kN, Shimadzu, Japan)
with a constant strain rate of 1 mm/min. The tensile specimen is
illustrated in Fig. 1. Vickers hardness tests were carried out on a
430SVD hardness test machine (Wilson Hardness, America) at a
load of 1000 gf and a loading time of 15 s. Before mechanical
properties testing, all of the test specimens were polished with a
2000 # sand paper to remove the surface layer (e.g. oxidations,
contaminations), which would impose a negative influence on the
mechanical properties.
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3. Results

3.1. XRD analysis

The Al-Si binary phase diagram is implicated in Fig. 2(a). The
XRD results of the as-built and heat-treated SLM specimens are
shown Fig. 2(b). Based on the Al-Si binary phase diagram, the
solidification pathway of the SLM-processed AlSi10Mg has ex-
perienced a crystallization reaction α→ +L L and a eutectic re-
action α→ +L Si. The diffraction peaks belong to Al, Si and Mg2Si
according to the JCPDS patterns of 89-2837, 89-5012 and 01-1192
respectively. In the XRD patterns, the Si peaks of the heat-treated
specimens have higher intensities than those of the as-built spe-
cimens. This indicates a significant decrease of the Si solid solu-
bility in Al matrix after the heat treatments [28]. The solubility of
Si in Al matrix was evaluated according to the linear relationship
of Vegard's law illustrated in Eq. (1) [28–30], and the lattice
parameter of the Al matrix was measured using the shifts in the
XRD spectra.

= − + ( )a X0.0032 0.40494 1si

where α is the lattice parameter of the Al matrix, and XSi is the
atomic fraction of Si in Al matrix. Based on the Vegard's law, the
solubility of Si in Al matrix was found to be 8.89 at% for the as-
built SLM specimen. The solubilities of Si in Al matrix for the
specimens heat-treated at 450 °C, 500 °C, and 550 °C were calcu-
lated to be 3.25, 2.75 and 2.13 at%, respectively. It is worth noting
that after artificial aging at 180 °C for 12 h, the intensity of the Si
peaks further enhanced. According to Eq. (1), the residual Si in Al
matrix were found to be 2.52, 2.02 and 1.68 at% respectively, for
the specimens subjected to both solution heat treatment and ar-
tificial aging at 180 °C for 12 h, thus indicating that a smaller
proportion of Si atoms is further precipitated out from the Al
matrix as a result of artificial aging. Moreover, the Mg2Si XRD peak
intensity of the as-built SLM sample is lower than that of the heat-
treated samples. This is mainly attributed to the fact that Si pre-
cipitates out from the Al matrix after heat treatment, and then the
separated Si reacts with Mg to form the Mg2Si phase [31]. How-
ever, the Mg2Si peaks of the artificial aging samples basically re-
main unchanged compared to the solution heat-treated samples.
This is probably due to the low content of Mg (0.4–0.5 wt%) in
AlSi10Mg alloy. Although the artificial aging samples precipitate
more Si, there is no residual Mg left to form more Mg2Si phase,
indicating that Mg was limited reactant for generating the Mg2Si
phase [32].
Fig. 2. (a) Al-Si binary phase diagram. Red arrow shows the solidification path and pha
processed at different heat treatment conditions.
3.2. Microstructure characterization

Fig. 3 depicts the SEM micrographs of the microstructure of the
as-built and heat-treated SLM AlSi10Mg samples. A general ob-
servation of a single melt track along the scanning direction (x
axis) is shown in Fig. 3(a). Unlike the microstructure of AlSi10Mg
alloy castings where large rod-like or needle-like Si particles se-
diment in the Al matrix [5], a novel eutectic microstructure with
very fine Si particles has formed. It can be observed that the melt
track is characterized with cellular-dendritic microstructure with
an average size about 1 mm [33–35]. The grey cellular features are
primary α-Al matrix decorated with white fibrous Si network. The
fine dispersion of fibrous Si networks in the Al matrix has a po-
sitive effect on the mechanical properties of the as-built SLM Al-
Si10Mg samples. Across the melt track, three distinctive regions
with different cellular microstructure in size can be distinguished,
namely, coarse cellular zone (C zone), transitional zone (T zone)
and fine cellular zone (F zone). These three regions have experi-
enced different thermal histories [5]. The C and T zones corre-
sponding to the boundary of melt track have an average width of
about 6 mm and 3 mm, as shown inside the red solid lines and red
dashed lines, respectively. For further observation and investiga-
tion of the three distinctive regions, high magnification SEM
images are shown in Fig.2(b) and (c). It is found that the boundary
of melt track is characterized by the relatively coarser cellular
microstructure. The cellular sizes in the C zone and T zone were
measured to be 2–4 mm and 1–2 mm respectively, whereas the in-
terior of melt pool exhibits the much finer cellular microstructure
with an average cell size of 0.6–0.8 mm. Meanwhile, it is remark-
able that the eutectic Al-Si network structure is broken to a certain
extent by coarsening of the Si into idiomorphic particles in the T
zone, which was caused by the increase in diffusion rate of the Si
[34].

The effect of solution heat treatment on the microstructure is
shown in Fig. 3(d), (e) and (f). The microstructure becomes coarser
with increasing the solution temperature from 450 °C to 550 °C.
After the artificial aging at 180 °C for 12 h, the microstructure is
further coarsened as illustrated in Fig. 3(g), (h) and (i). To in-
vestigate the change in size and quantity of the eutectic Si particles
upon heat treatment, detailed image analysis was conducted on
SEM micrographs obtained from the different heat treatment
conditions in Fig. 3. The results, summarized in Fig. 4, illustrate
that when the SLM-built AlSi10Mg is solution heat-treated at
450 °C for 2 h, most of the Si particles are less than 1 mm and
uniformly dispersed in the Al matrix. With the increase of solution
temperature from 500 °C to 550 °C, some of the Si particles have
se transition of Al-10Si. (b) X-ray diffraction patterns of the SLM AlSi10Mg samples



Fig. 3. Micrographs of the as-built and heat-treated SLM AlSi10Mg specimen microstructures after etching with Keller's reagent: (a) single melt track with three distinctive
regions; (b) boundary of melt track with coarse cellular region and transition region; (c) interior of melt pool with fine cellular microstructure. SEM images of the eutectic
microstructures of the SLM-built AlSi10Mg after different heat treatment conditions: (d) 450 °C for 2 h; (e) 500 °C for 2 h; (f) 550 °C for 2 h; (g) 450 °C for 2 hþ180 °C for
12 h; (h) 500 °C for 2 hþ180 °C for 12 h; and (i) 550 °C for 2 hþ180 °C for 12 h. X-axis is the laser scanning direction and the light grey areas are Si particles.

Fig. 4. The Si particle density and size as a function of solution and artificial aging
temperature based on the analysis of the SEM images shown in Fig. 3.
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been coarsened with the diameter increased from 2 to 4 mm, as
illustrated in Fig. 3(e) and (f). Moreover, it is obvious that the Si
particles further grow to a size up to 5 mm after the artificial aging,
as shown in Fig. 3(g)–(i) and Fig. 4. The increase in the size of Si
particles indicates that in the as-built SLM sample, the Al matrix is
supersaturated and during the heat treatment the excess Si pre-
cipitates out. During the heat treatment, the number of Si particles
decreases with increasing the solution temperature, as shown in
Fig. 4. The decrease in the number of particles may be attributed to
particle coalescence, as well as Ostwald ripening where the large
particles grow up at the expense of the small ones [5,36]. The
uniform distribution of the Si particles in the microstructure of the
as-built specimen is likely due to the precipitation of Si phase
along the Al-Si cellular boundaries [37].

It is possible to schematically describe the microstructure
evolution of the SLM-produced AlSi10Mg specimens during heat
treatment, as shown in Fig. 5. As discussed above, the as-built SLM
specimen displays a microstructure consisting of supersaturated Al
matrix decorated with fibrous eutectic Si particles (red arrows in
Fig. 5) denoted by phase A. After the solution heat treatment and
artificial aging, eutectic Si is rejected from the supersaturated Al to
form small Si particles denoted by phase B. At this stage, the cel-
lular boundaries become blurred. With the increase in the solution



Fig. 5. Schematic of the microstructure evolution of the SLM-produced AlSi10Mg samples during the solution and artificial aging heat treatment. Blue features represent Si-
rich areas, while white features represent Al-rich areas. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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temperature, the Si particles generally precipitate along the Al-Si
cellular boundaries and grow up with their number decreased
significantly. Then, the coarse Si particles are evenly distributed on
the surface of the Al matrix, which was denoted by phase C.

With the aim of examining the Al, Si and Mg distribution in the
SLM-processed specimens after heat treatment in a more detailed
way, energy-dispersive X-ray spectroscopy (EDX) analysis was
conducted. The SEM image and its corresponding EDX maps of Al,
Si and Mg are shown in Fig. 6(a)–(d), respectively. Al mainly fills
the matrix (Fig. 6(b)), whereas the Si particles are located in the Al
matrix (Fig. 6(c)). From Fig. 6(d), it can be seen that Mg is more
evenly distributed compared with Si. But the Mg content on the Si
particles is higher than that in the Al matrix. This may be because
Mg can react with Si to form Mg2Si phase, which is associated with
a strengthening mechanism in Al-Si-Mg cast alloys.
Fig. 6. EDX analysis on the microstructure of the AlSi10Mg solution heat-treated at 500
3.3. Mechanical properties

The tensile stress-strain curves obtained from the room tem-
perature tensile testing on the as-built and different solution heat-
treated AlSi10Mg specimens are shown in Fig. 7(a). The variations
of the tensile strength, yield strength and ductility with the so-
lution temperature are given in Fig. 7(b). The as-built SLM speci-
men exhibits the highest tensile and yield strengths of
434.25710.7 MPa and 322.1778.1 MPa, respectively, but pos-
sesses a lowest ductility of 5.370.22%. The solution heat treat-
ment has a great influence on the mechanical properties of the
SLM-made AlSi10Mg specimens. As the sample is solution heat-
treated at 450 °C for 2 h, there is a dramatically decrease in both
tensile and yield strengths (282.3676.1 MPa and
196.5873.6 MPa, respectively), whist a large increase in ductility
of 13.470.51% can be observed. With further increase of the
°C for 2 h. (a) SEM image and corresponding EDX maps of (b) Al; (c) Si; and (d) Mg.



Fig. 7. (a) Room temperature tensile stress-strain curves of the as-built SLM samples that solution heat-treated at different temperatures; (b) corresponding mechanical
data; (c) tensile test stress-strain curves of the solutionþartificial aging specimens; (d) the Vickers hardness of the as-built and heat-treated SLM specimens.
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solution temperature up to 500 °C, the tensile and yield strengths
are reduced to 213.7574.6 MPa and 126.0072.1 MPa respec-
tively, and the ductility increases to 23.570.81%. However, when
the solution temperature reaches 550 °C, the specimens exhibit
the lowest tensile and yield strengths (168.1172.4 MPa and
90.5271.6 MPa, respectively), while the ductility slightly in-
creases to the maximum (23.770.84%). For the specimens sub-
jected to both solution heat treatment and artificial aging at 180 °C
for 12 h, the mechanical properties are shown in Fig. 7(c). it can be
found that the ultimate strength and ductility both decrease with
the increase in the solution temperature. The tensile strength
decreases from 197.1173.5 MPa to 187.1473.1 MPa, while the
ductility decreases from 23.370.87% to 19.570.69%, as the solu-
tion temperature increased from 500 °C to 550 °C.

The high strength of the as-built SLM AlSi10Mg specimens can
be attributed to the grain refinement. The effect of grain size on
the mechanical properties can be rationalized by the semi-em-
pirical Hall-Petch (HP) relationship [38–40], which is indicated in
Eq.(2):

σ σ= + ( )−( )kd 20
1/2

where s is the proof stress, s0 is the friction stress for dislocation
movement, k is the Hall–Petch coefficient, and d is the grain size.
The size-induced strengthening results from the pile-up of dis-
locations at grain boundaries as well as resistance of the disloca-
tions to slip transfer. Grain size refinement leads to reduction of
the distance between the Si particles, which can give a consider-
able contribution to the strength because the increased Al-Si
interface can effectively reduce the movement of dislocations.
Moreover, due to the nano-sized eutectic network Si in the as-built
AlSi10Mg sample, the localized shear stress can be relieved and
hence increase the strength. The strength and ductility after heat
treatment are influenced by many factors, such as number, mor-
phology and size of the Si phases, initial hardening rate and re-
covery rate [41]. The last two factors are closely related to the
solute content in the solid solution. Upon solution and artificial
aging, the Si atoms trapped in the Al matrix are rapidly pre-
cipitated out onto the existing eutectic network Si, thus reducing
the solid solution strengthening. Meanwhile, the distance between
the Si particles increases significantly, which also contributes to
the decreased of tensile and yield strengths. As to the ductility of
the as-built SLM samples and solution heat-treated specimens in
this study, two aspects need to be considered. Firstly, the decrease
in the number of Si particles and increase in size induce the re-
duction of localized stress or strain [5]. Secondly, solution heat
treatment reduces the residual stresses that are built up during the
SLM process. These two aspects benefit the enhancement of the
ductility of the solution heat-treated AlSi10Mg specimens. How-
ever, due to the over aging effect, the ductility decreases after the
artificial aging.

Hardness is also an important indicator for the material's cap-
ability to resist plastic deformation [42–44]. In order to evaluate
the influence of heat treatment on the hardness of the as-built
SLM AlSi10Mg specimens, Vickers micro-hardness is introduced
and the corresponding results are illustrated in Fig. 7(d). In gen-
eral, the hardness values of the heat-treated specimens are lower
than the those of the as-built ones. Due to the fine dispersion of



Fig. 8. SEM images of the fracture surfaces of the SLM AlSi10Mg parts with the different heat treatment conditions (a) as-built; (b) 450 °C for 2 h; (c) 500 °C for 2 h;
(d) 550 °C for 2 h; (e) 450 °C for 2 hþ180 °C for 12 h; (f) 500 °C for 2 hþ180 °C for 12 h; and (g) 550 °C for 2 hþ180 °C for 12 h, respectively.
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eutectic Si in the Al matrix, the as-built AlSi10Mg SLM specimens
have the maximum micro-hardness value, namely 132.5575.3
Hv1. After the solution treatment at 450 °C for 2 h, a significant
decrease in micro-hardness can be observed (95.6573.6 Hv1).
When the solution treatment temperature is further increased
from 500 °C to 550 °C, the micro-hardness decreases from ap-
proximately 87.8573.1 Hv1 to 63.5571.9 Hv1. It is worth noting
that artificial aging also has a negative effect on the micro-hard-
ness of the samples that have been subjected to the solution
treatment. After the artificial aging at 180 °C for 12 h, the micro-
hardness further reduces to 78.1572.8 Hv1, 60.5571.7 Hv1 and
52.571.4 Hv1 for the specimens that have been solution heat-
treated at 450 °C, 500 °C and 550 °C, respectively, as illustrated in
the red bars in Fig. 7(d). This behavior is in a good agreement with
the evidence found in the tensile tests. This result can be also at-
tributed to the coalescence of small Si particles as well as Ostwald
ripening [45], which result in an increase in size and decrease in
the number of particles.
3.4. Fracture morphology analysis

Fig. 8 shows the fracture surfaces of the AlSi10Mg samples
before and after the heat treatment. The fracture surface of the as-
built SLM specimen is illustrated in Fig. 8(a). Apparently, there
exist two main morphologies on the fracture surfaces in the forms
of dimples and regular stepped cleavage planes [46]. The dimples
have a size approximately 1 mm (marked by red arrow in Fig. 8(a)),
which are indicative of a ductile fracture. The “river pattern like”
stepped cleavage planes (marked by yellow arrow in Fig. 8(a))
show a typical brittle fracture, which is in consistent with the low
ductility shown in Fig. 7(a). The fracture features of the as-built
SLM AlSi10Mg indicate a ductile as well as a brittle failure. When
the sample had been solution heat-treated at 450 °C for 2 h, the
equiaxed dimples with an average size around 2 mm are observed
across the whole fracture surface, as shown in Fig. 8(b), indicating
a highly ductile fracture. Moreover, the fractured Si particles are
often observed at the end of the dimples (marked by red arrows in
Fig. 8(b)) and no decohesion of the Si particles from the matrix are
observed, indicating a good bonding between the Al matrix and Si
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particles. As the solution treatment temperature is further in-
creased, the size of the equiaxed dimples increases (Fig. 8(c)–(d))
and reaches 5 mm at 550 °C. A careful observation shows that the
edges of the dimples pass through both Al matrix and eutectic Si
particles, which further verifies that the eutectic Si is closely
connected with the Al matrix. After the artificial aging at 450 °C
for 12 h, there is no significant change in the fracture morpholo-
gies but a “dimples accumulation” phenomenon (dimples stacked
together layer by layer) occurs in the fracture surface (Fig. 8(e)–
(g)). Most likely, fracture initiates and propagates through the
“dimples accumulation” regions where the plastic deformation
capacity is relatively lower [46,47].
4. Discussion

4.1. Unique microstructure of AlSi10Mg processed by SLM

The distinctive features of SLM create a unique microstructure
in the as-built AlSi10Mg parts. The characteristics of the micro-
structure are dependent on the thermal gradient G and the growth
rate R [33,34,48]. G is determined by the difference of the tem-
perature over a certain distance and varies with the time and place
inside the melt track, R depends on the laser scanning speed and
angle between the laser moving direction and the growth direc-
tion of the solidifying material. The G over R ratio (G/R) de-
termines the morphology of the microstructure. An equiaxed
dendritic, columnar dendritic, cellular and planar are successively
expected when the G/R ratio continuously changes from low to
high value. The fineness of the microstructure is determined by
the cooling rate (T¼G�R). The higher cooling rate will lead to
greater undercooling, and thus the finer microstructure. SLM is
able to generate typical high cooling rate, due to the rapid scan-
ning velocity of the laser beam (1140 mm/s) and high thermal
gradient (about 105 °C/m) of the processing [34]; therefore, the
fine microstructure of the as-built SLM AlSi10Mg sample is
achieved. However, because of the Gauss distribution of the laser
energy, the undercooling changes over the melt track, which
reaches the maximum at the centerline, then gradually decreases
along the cross section and finally goes to the minimum at the
boundary of the melt track. From this point of view, the cellular
size attains the minimum at the center of the melt track, and the
maximum value on the boundary of the melt track. For this reason,
three different regions, namely coarse cellular zone, transitional
zone and fine cellular zone, are present in the microstructure of
the as-built SLM specimens.

4.2. Mechanisms for the formation and growth of eutectic Si particles

It is well known that the microstructure of AlSi10Mg alloy can
be influenced by superheating [5,49,50]. The underlying reason
had been attributed to the existence of two typical temperatures,
usually donated by the dissolution temperature Td and the
branching temperature Tb [5,51,52]. At the temperature below Td,
the Al and Si-rich particles which have been inherited from the
solid AlSi10Mg alloy exist in the liquid phase. Once the tempera-
ture exceeds Td, these particles begin to be melted. When the
temperature is over Tb, molten Al and Si can be considered to mix
homogenously [5]. According to previous studies, Td and Tb of Al-
Si10Mg alloy should be around 1020730 °C and 1170730 °C,
respectively [5,51,53], which are much higher than the eutectic
temperature of Al-Si alloys (577 °C). During the SLM process, the
temperature of a large part of the melt track exceeds Td but does
not reach Tb [5,18]. Hence, a large part of the AlSi10Mg alloy melt
track undergoes a superheating condition, which will lead to an
inhomogeneous microstructure of the SLM-processed AlSi10Mg
alloy. In addition, the short interaction time between laser and
material, and the formation of liquid oscillations or capillary waves
intensify the inhomogeneous microstructure [53]. Therefore, an
inhomogeneous Al-rich and Si-rich microstructure is expected,
which is helpful to form heterogeneous nucleation and enhance
the nucleation rate. Due to the extremely high cooling rate (about
106 °C/s) of SLM [17], the above mentioned inhomogeneous mi-
crostructure will retain in the Al matrix [5]. During the solidifi-
cation process, the Si phase with higher melting point firstly
precipitates and grows up in the form of particles most likely by a
heterogeneous nucleation mechanism. Then, with the decrease in
temperature, the α-Al phase then nucleates and grows in the Si
depleted zone around the Si particles, which inhibits the growth of
the Si particles [54]. The continuous growth of the α-Al phase
results in an increased Si concentration in the residual liquid. As
the concentration of Si increases to a certain extent, the liquid
phase may transform into the eutectic zone eventually [54,55],
resulting in the cooperative growth mechanism between Si and Al,
and then yielding the eutectic phase in the latter stages of solidi-
fication [54,56]. A very steep temperature gradient occurs on the
surface of the melted track due to the high laser energy density
and heat conductivity of Al [56]. The large temperature gradient
induces a highly undercooling condition, leading to the fibrous
morphology of the Si crystals [57]. Therefore, a microstructure
with fibrous Si network distributed in supersaturated Al matrix
forms in the SLM-processed AlSi10Mg alloy.

The fibrous Si phases in the as-built SLM samples are extremely
fine (200–300 nm), which results in a large total interfacial energy
γAl/Si between Al and Si phases. In addition, other kinetics or
thermodynamic factors include the wettability (normally ex-
pressed by the contact angle θc) and the local concentration of Al
and Si atoms. These phenomena provide a high original driving
force for the Si atoms coarsening. With the increase in heat
treatment temperature, the increased original driving force gives
rise to the precipitation of a significant amount of Si from the Al
matrix. The availability of the precipitated Si may thus provide an
additional contribution to the driving force for the growth of the Si
particles. Moreover, when heat-treated at a high temperature, Si
phase undergoes a thermally activated growth process. This en-
ables the growth of Si phase along with the lowest free energy
direction [5].
5. Conclusions

In this study, the effects of the solution and artificial aging heat
treatments on the phase, microstructure and mechanical proper-
ties of the SLM-produced AlSi10Mg specimens are systematically
studied. The main results and findings are as follows.

(1) The solubility of Si atoms in Al matrix is calculated to be
8.89 at% for the as-built specimens. With the increase in the so-
lution temperature, the solubility decreases rapidly. After artificial
aging, the solubility of Si atoms in Al matrix further decreases.

(2) Due to the high cooling rate and thermal fluctuation of the
SLM process, an ultrafine eutectic microstructure in the as-built
AlSi10Mg specimens is formed. The eutectic microstructure is
characterized by eutectic Si network comprising of spherical nano-
sized particles embedded in the Al matrix, which gives rise to
significantly better tensile properties and Vickers micro-hardness.

(3) Upon solution heat treatment, Si atoms precipitate from the
supersaturated Al matrix to form small Si particles. With in-
creasing the solution temperature, the size of the Si particles in-
creases, whereas their number decreases. After artificial aging, the
Si particles are further coarsened.

(4) The variation in size of Si particles has a significant influ-
ence on the mechanical properties of the AlSi10Mg specimens. The
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tensile strength decreases from 434.25710.7 MPa for the as-built
specimens to 168.1172.4 MPa for the specimens that solution
heat-treated at 550 °C for 2 h. in contrast, the fracture strain re-
markably increases from 5.370.22% to 23.770.84%.

This study provides an important insight into the refinement of
AlSi10Mg alloy without the addition of other elements, and finds
that the microstructure and mechanical properties by SLM-pro-
cessed AlSi10Mg alloy can be tailored by different heat treatment
processes. The findings would be a valuable reference to the op-
timization of the heat treatment process for the purpose of fab-
ricating AlSi10Mg parts by SLM with acceptable microstructure
and mechanical properties.
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