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Abstract

AlSi10Mg is the Al alloy most applied for selective laser melting (SLM) processing studies. The characteristics and the density
obtained for SLM-processed material is extremely influenced by the quality of the starting powder. Since the microstructure
obtained after SLM is often metastable, the required heat treatment to obtain an “optimized” microstructure can be significantly
different than the one applied to conventionally cast or wrought Al alloys. In the present work, different thermal treatments have
been applied to samples manufactured by SLM in order to investigate the effect on the microstructure and mechanical properties.
The microstructural evaluation has been performed by SEM analysis and the mechanical properties have been determined by
hardness measurements and tensile tests. Samples in the as-built condition, after stress relieving and under T6 heat treatment have
been investigated to determine the best combination of properties.
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1 Introduction

The higher solidification rate achieved in the manufacturing of
AlSi10Mg alloy by selective laser melting (SLM) (~ 10° °C/s)
[1] in comparison with the traditional casting processes (less
than 10% °C/s [2-4]) induces some changes in the microstruc-
ture such as its refinement and more homogeneous distribu-
tion of the Si-rich eutectic constituent. These changes have
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strong influence on mechanical properties, improving tensile
strength and ductility [4].

AlSi10Mg is one of the most common Al alloys used in
powder bed manufacturing technologies [5—7]. Its chemical
composition provides appropriate properties to be
manufactured and applied, mainly, in the aeronautics and au-
tomotive fields. Si content helps to improve laser absorption
since Al has a very high reflectivity. This element also en-
hances the fluidity and reduces the solidification range, mak-
ing this alloy more wettable [8] and easier to process by addi-
tive manufacturing. The addition of Mg allows the precipita-
tion of Mg,Si during heat treatments, causing the hardening of
the matrix.

T6 heat treatments are usually performed with the purpose
of enhancing mechanical properties of aluminum cast alloys
[9]. Subjecting AlSi10Mg cast alloys to these treatments
causes the precipitation of Mg,Si phase, which lead to mate-
rial hardening. However, materials produced by SLM may
need different solution and/or aging treatments to optimize
its microstructure and, correspondingly, their mechanical
properties. For instance, some researchers [10] found that
the AISi10Mg alloy after only aging at 175 °C for 6 h shows
better mechanical properties than high pressure die-cast
(HPDC) parts after T6 treatment. Other work [11] has con-
cluded that T6 heat treatments lead to a softening of this ma-
terial produced by SLM instead of being hardened.
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Furthermore, it is observed [4] that Si-rich particles precipitate
during heat treatment and that the size of these particles has a
strong influence on mechanical properties.

The aim of this work is to study the influence of various
heat treatments (stress-relieving (300 °C) and solution treat-
ment (450/550 °C with and without artificial aging)) on the
microstructure of AISil0Mg processed by SLM and its effect
on mechanical properties. Thus, the validity of T6 treatments
will be evaluated and the best heat treatment conditions will be
identified for this material.

2 Materials and methods

Two batches of AlSilOMg powder, with a particle size distri-
bution between 20 and 63 um, from different suppliers are
studied. These powders are referred to as P1 and P2 powders.
The chemical composition of these powders is given in
Table 1. Their morphology and microstructure were observed
by FE-SEM Ultra Plus of Zeiss manufacturer scanning elec-
tron microscope. Flowability was measured by a Hall flow-
meter funnel. X-ray diffraction (XRD) measurements were
performed on a PHILIPS PW1825 diffractometer (Cu, K,)
at 40 kV and 40 mA. The diffraction angle of 20 varied from
20° to 110° with a step size of 0.05°. Tensile samples were
manufactured with P2 powder in “z” building direction
employing the optimum processing parameters determined
previously for each powder with the aim to obtain parts with
minimum porosity, free of defects and superior surface quality
(Fig. 1). Relative density was determined by optical micros-
copy (GX51 Olympus) and using Image-J image analysis
software. The parts were built in a SLM systems developed
by SLM Solutions (model SLM 280HL). This machine is
equipped with 400 W fiber laser and works with a protective
atmosphere, being 0.2% the maximum oxygen allowable dur-
ing manufacturing. The manufactured samples were subjected
to several thermal treatments. A stress relieving heat treatment
was performed with a heating rate of 10 °C/min until 300 °C
for 2 h. Furthermore, specimens were solution treated at 450C
and 550 °C during 2 h, followed by water quenching.
Additionally, these samples were subjected to an artificial ag-
ing heat treatment at 180 °C for 12 h followed by water
quenching. Tensile tests and hardness measurements of all

Table 1 Chemical composition of P1 and P2 powders (wt%)
Al Si Mg Fe Cu Mn Cr
P1 Bal 10.1 0.31 0.18 <0.03 <0.03 <0.03
P2 Bal 9.94 0.38 0.16 <0.03 <0.03 <0.03
Ni Zn Pb Sn Ti O
Pl <003 <003 <003 <0.03 <0.02 0.08
P2 <003 <003 <003 <003 <0.02 0.04
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samples were carried out in Zwick Roell Z100 tensile machine
and Emco Test DuraScan durometer. As-built and heat-treated
samples were cross-sectioned, polished, and etched with
Keller’s reagent. Afterwards, these samples were character-
ized by FE-SEM Ultra Plus scanning electron microscope of
Zeiss manufacturer.

3 Results and discussion
3.1 Powder characterization

Two powders have been characterized in terms of microstruc-
ture, morphology, and humidity. Micrographs in Fig. 2 show
that the morphology of P2 powder is more adequate for selec-
tive laser melting (SLM) process due to the fact that it is more
spherical and has fewer satellites than P1. In addition, the
humidity content of the P2 powder is significantly lower than
that of P1 (Table 2). These features give better flowability to
P2 (Table 2), which is a critical property to obtain a uniform
layer deposition during processing by SLM [8]. Moreover, the
packing density will optimize and, consequently, promote a
higher contact area between particles and improve the consol-
idation process leading to a higher final density of the as-built
sample. P2 also has lower internal porosity than P1 (Fig. 3). It
is clear that the internal porosity of powders, which is caused
by gas trapped during gas atomization, will contribute to in-
creasing the porosity in the as-built samples [7], further dete-
riorating their mechanical properties [6]. In addition, the oxy-
gen content of P2 powder is half of the P1 amount (Table 1).
Thus, due to above-mentioned characteristics, as-built sam-
ples processed using P2 achieve higher final relative density
(99.9%) than those processed with P1 (99.7%) (Table 2).

It is concluded that the physical characteristics of P2 pow-
ders are more suitable for processing final samples by SLM
and, therefore, the as-built samples reported here are
manufactured with this powder.

3.2 As-built sample characterization

It is well known that it is possible to evaporate the light ele-
ments during SLM due to the high energy density applied by
the laser. Some authors [7] observed an evaporation of the half
of Mg content during processing. The level of Mg is crucial
because it is a key element to form Mg,Si precipitates during
heat treatments. Thus, as-built sample composition was mea-
sured in this alloy in order to evaluate if Mg evaporation
occurred. Table 3 shows only the chemical composition of
the elements which differ in composition from the powder
(P2). Only Si and Mg contents are different from the powder.
Si content is under the measurement uncertainty. A small loss
of Mg element (0.04%) is measured. However, the amount of
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Fig. 1 Tensile samples on the
platform (a) and after removing
from the platform (b)

this element is still within the target composition range for this
alloy (0.2-0.45%).

Figure 4 shows the as-built microstructure of the tensile
specimens. The microstructure reveals a cellular-dendritic
solidification structure with o-Al matrix decorated with a
network of Si-rich eutectic (Fig. 4). In this microstructure,
three different zones can be distinguished by its cellular
size in the XY plane (Fig. 4a). Each zone has been ex-
posed to different temperature gradients, across the melt
track, which induce this change in its cellular size. In
the XZ plane (Fig. 4c, d), elongated grains indicate the
thermal gradient direction. The coarse cellular zone corre-
sponds to the melt pool boundary where the cooling rate
is slower than at the melt pool center due to the Gaussian
distribution of laser energy [4]. In the melt pool center, a
fine cellular microstructure appears with cell sizes of 0.5—
0.7 um (Fig. 4b). These sizes are in good agreement with
reported measurements for this material [4, 12]. A transi-
tion zone appears, a so-called heat-affected zone (HAZ)
(Fig. 4a), which is associated with an overlap of melt
pools and refusion of previously deposited layers [7, 12].
The same behavior was observed by several authors in
other AlSilOMg samples produced by SLM [4, 12, 13].

Fig. 2 Comparison of powder
morphology between a P1 and b
P2

3.3 Microstructure evolution through heat treatments

The microstructure becomes coarser after heat treatment. Si
distribution changes and this element, instead of being around
«-Al grain boundaries in the supersaturated matrix as in the
as-built samples (Fig. 4), forms polygonal precipitates. Similar
microstructures have been observed by other researchers [4,
14]. The size of these phases increases as the heat treatment
temperature rises (Fig. 5). After stress relieving at 300 °C for
2 h, Si particles have a size between 0.1 and 0.6 um. However,
particle size increases significantly, when a solution heat treat-
ment is performed above 450 °C. After heat treatment at 450
and 550 °C, particle size is in the range of 0.4—2 pum and 2—
6 um, respectively. Other authors [4] reported an average par-
ticle size of about 3 and 4.5 pum at 450 and 550 °C, respec-
tively. Furthermore, while the heat treatment temperature in-
creases, the number of Si particles decreases, probably owing
to Ostwald ripening phenomenon. On the other hand, the ar-
tificial aging does not result in significant Si particle coarsen-
ing (Fig. 5i, h). A chemical analysis of these particles is shown
in Fig. 5g.

It is worth noting that after heat treatment at 550 °C, an
additional phase is identified. This phase differs from the Si
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Table 2 Humidity and flowability of powders P1 and P2 and the
maximum density values of as-built samples processed with them

P1 P2
Humidity (%) <10 4.5
Flowability 100 s/50 g 80s/50 g
Max. density (%) 99.76 99.9

particles in its morphology, which is a rod-like shape. This
phase showed less adherence with the matrix than Si particles
(Fig. Se, red arrows). It was not possible to identify these
phases by EDS or X-Ray analysis because all of them were
pulled from the matrix during sample preparation (Fig. 6).
Sample preparation should be improved to unambiguously
identify this phase. Other researchers [13] observed precipi-
tates with similar size and shape after a solution heat treatment
at 520 °C and artificial aging at 160 °C in AlSi10Mg produced
by SLM. They referred to these precipitates as Mg, Si precip-
itates. It is observed that another Al-Si-Mg-based alloy (Al-
1.29Si-1.13 Mg), after casting and subsequent heat treatments
of homogenization (530 °C, 24 h), annealing (450 °C, 24 h)
with final water quenching, showed this same type of particle
with maximum size around 5 pum. In this study [14], these
precipitates were identified as rod-like 3 Mg,Si precipitates.
Thus, it seems that rod-like precipitates which appeared after
solution treatment at 550 °C are most likely to be Mg,Si
precipitates. Nevertheless, the presence of other intermetallic
Al-Fe-Si(-Mg) phases with similar shape cannot be excluded
since they are observed in other conventional Al alloys. In
fact, other work [15] has confirmed the presence of (3-Als
FeSi in Al-Si-Mg cast alloy and it is noted [16] that these
intermetallic precipitates have a low adhesion with the matrix.
It is shown that these rod-like particles remain after the artifi-
cial aging almost without size variation (Fig. 51, red arrows).

X-ray analysis was performed in order to evaluate the evo-
lution of the phases formed during heat treatments and iden-
tify them (Fig. 6). Si and Al crystallographic phases are only
indexed (reference codes of 01-071-3899 and 01-071-4624,
respectively). Thus, no Mg,Si peaks were detected probably

Fig. 3 Polished powder showing
the internal porosity of P1 (a) and
P2 (b) powders
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Table 3  Chemical composition of as-built sample

Al Si Mg
Bal. 9.19 0.34
Percentage relative to powder (%) 92.5 89.5

because there was no sufficient quantity to allow identifica-
tion. Other work [17] has also failed to identify these precip-
itates by XRD analysis although they have hypothesized that
they are present even in as-built condition. On the other hand,
Si peaks of the heat-treated samples have higher intensities
than those of the as-built parts due to the fact that there is a
decrease of Si in solid solution in the Al matrix after heat
treatments due to the formation of Si precipitates. This is con-
sistent with the observed microstructure (Fig. 5). In addition,
Si peaks are more intense as the temperature increases since
there is a higher volume fraction of these precipitates (Fig. 5).

3.4 Evolution of mechanical properties after heat
treatments

Tensile curves are shown in Fig. 7a and the values of ultimate
tensile strength (UTS) and ductility from these curves are
shown in Fig. 7b. Figure 7 provides a summary of the me-
chanical response as a function of temperature. The highest
tensile and yield strength are achieved in the as-built sample
due to its fine cellular microstructure obtained due to a rapid
solidification process during SLM. This behavior is consistent
with other studies of AISil0Mg alloy produced by SLM [4,
11]. The as-built UTS value (382 MPa) achieved in this work
is in the range of those obtained in the literature (333—
434 MPa) [4, 11, 17]. It is confirmed by other research that
Mg,Si is also present in as-built samples [4, 18]. Thus, this
high dispersion in tensile strength values could be attributed to
differences in composition such as Mg content which is the
limiting reactant to form Mg, Si precipitates [4]. However, the
ductility of the as-built sample is very low (2%).

A stress-relieving heat treatment was carried out to im-
prove the ductility. After this treatment, the ductility increases
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Fig. 4 As-built sample
microstructure showing fine
cellular-dendritic solidification
structure, a microstructure
showing three zones (XY section,
top view), micrographs showing
b the fine cellular zone (XY) and
¢ columnar grains indicating the
thermal gradient direction (XZ), d
micrograph at high magnification
identifying different chemical
phases (XZ)

dramatically up to 17% and tensile strength drops significantly
from 382 to 220 MPa. This is in line with the changes detected
in microstructure where a high density of small Si-rich precip-
itates form. When the temperature of the solution treatment
rises, the ductility decreases probably due to the formation and
growth of polygonal Si-rich particles. However, further work
on fracture analysis is required to verify this point. Even if the
UTS and yield strength decrease after 450 °C, specimens heat
treated at 550 °C exhibited a substantial increase in UTS, from
189 MPa (at 450 °C) to 248 MPa. Nevertheless, W. Li et al. [4]
observed a decrease in tensile strength from 282 to 168 MPa
after 450 and 550 °C, respectively. They related this drop in
UTS values to the lack of Si in the matrix, which reduces solid
solution strengthening, and to the shorter distance between Si
particles.

In the present work, a significant improvement in UTS
values is observed after increasing the solution temperature
to 550 °C. This behavior could be explained by the presence
of'the rod-like phase in the microstructure of specimens inves-
tigated in this work. On the another note, artificial aging of
both samples subjected to solution treatments results in signif-
icant increase in tensile and yield strength while the ductility
values are reduced to 11 and 9% in samples treated at 450 and
550 °C, respectively (Fig. 7b, c). The effect of aging in im-
provement of mechanical properties is probably due to higher
Mg,Si nanoprecipitate formation, although they cannot be
identified by X-ray diffraction. TEM characterization should
be carried out to identify and quantify their density. This pre-
cipitation during the aging process is well known [19]. W. Li

et al. [4] measured tensile strength of 197 and 187 MPa in
AlSilOMg alloy after the same T6 treatment at 450 and
550 °C, respectively. The reason for these low values in com-
parison with those reported here is due to the lack of Mg,Si
precipitation after aging, according to XRD analysis.
Moreover, other authors [11] after a T6 treatment (520 °C,
1 h and artificial aging at 160 °C during 6 h), obtained a tensile
strength of 292 MPa which is in accordance with the value
obtained in this work after 550 °C solution treatment and
artificial aging.

The as-built sample, which has the finest microstructure,
shows the highest microhardness (127 +5 HV, s) due to the
Hall-Petch effect (Fig. 7d). This value is in good agreement
with other measurements carried out by other researchers
(127+3 HV,s) [12] and it is slightly lower than the one
achieved in the other study (133 +5 HV1) [4]. Nevertheless,
this hardness is higher than the typical hardness values obtain-
ed in as-cast condition samples processed by high pressure
die-casted (HPDC) and significantly higher than conventional
AlSi10Mg cast alloys’ hardness values (Table 4). Material
was substantially softened after heat treatments due to the
coarsening of microstructure. The lower value appeared after
solution heat treatment at 550 °C. Nonetheless, an artificial
aging of this specimen causes a dramatic rise in hardness value
from 70 to 101 HV 5, probably due to the formation of Mg, Si
nanoprecipitates, which induces Orowan strengthening.

Although the highest UTS (382+10 MPa) and hardness
values (12745 HV, 5) were obtained in as-built sample, the
ductility is very low (2.3 £0.2%). Thus, a better combination
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of mechanical properties was achieved after the T6 treatment,
consisting of a solution heat treatment at 550 °C and artificial
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Fig. 6 X-ray analysis of AlISilOMg as-built sample and after all heat
treatments
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aging. This sample exhibited a tensile strength, yield strength,
hardness, and ductility of 307 + 8 MPa, 248 +2 MPa, 101 +
4 HVO0.5, and 9 + 3%, respectively. This property combination
is better than that achieved in as-cast AISi10Mg alloy and die
cast A360 alloy (Table 5). Thus, the SLM material in this
study, after optimum T6 heat treatment, achieved significantly
better hardness and ductility relative to conventional Al-Si-
Mg as-cast alloys at a comparable tensile strength.

4 Conclusions

The P2 powder evaluated in this study was selected as the best
powder to be used in SLM process due to the fact that it has
better quality regarding morphology, porosity, humidity, and
oxygen content. The as-built samples produced with this pow-
der achieved a relative density 0£99.9%. In these samples, Mg
content remains almost unaffected which means that there is
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not a significant evaporation of this element during SLM
processing.

The SLM microstructure of AISil0Mg alloy is very fine
with o-Al grains boundaries decorated with Si-rich eutectic.
This allows the as-built sample to achieve the best tensile
strength and hardness values. After heat treatments, Si forms
polygonal precipitates whose size increases as the temperature
increases. This results in a decrease in tensile strength and
hardness up to 450 °C. However, after heat treatment at
550 °C, rod-like precipitates (probably Mg,Si or Al-Fe-Si
intermetallics) appear in the microstructure apart from the
Si-rich particles. This provides a significant improvement in
tensile strength in comparison with specimens heat treated at
450 °C.

The maximum ductility (17%) is achieved in the sample
after a stress-relieving treatment (300 °C), where Si-rich

Table 4 Hardness values obtained in AlSilOMg alloy by different
processing types

Processing type Hardness (HV) Ref.
SLM 127 This work
HPDC 95-105 [10]
Conventional cast alloy 86 [17]

Processing conditions

heat treatments (note that values at 25 °C correspond to as-built sample
and that dashed lines are related to samples after artificial aging). d
Hardness values of all samples

particles have a size between 0.1-0.6 um, but tensile strength
values are not optimal at this stage. Aging effects on mechan-
ical properties are considerable even if there is not a signifi-
cant change in observed microstructure. Tensile and yield
strength after heat treatment increase substantially, probably
due to additional precipitation of Mg,Si nanoparticles. The
best improvement occurred after aging the previously heat
treated sample (550 °C, 2 h) at 180 °C which led to a tensile
strength of 307 + 8 MPa and hardness of 101 £4 HV 5, with
ductility of 9 + 3%. This heat treatment produces a better com-
bination of hardness and ductility than AISi10Mg as-cast al-
loys of equivalent tensile strength.

It is concluded that T6 treatments of AlSi10Mg processed
by SLM provides an optimum combination of tensile strength
and ductility. Based on the results of this study, the best T6

Table5 Mechanical data of A360 alloy and AlSi10Mg alloy processed
by alternative and conventional procedures

Processing type UTS (MPa) Ductility (%) Ref.
AlSi10Mg SLM + T6 307+8 9+3 This work
AlSi10Mg cast-alloys 300-317 2.5-3.5 [17]
AlSi10Mg cast-alloy + T6 263 - [20]

Die cast A360 320 3 [11,21]
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treatment was identified as solution treatment at 550 °C for2 h
followed by aging at 180 °C for 12 h.
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