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� A high-strength AlSi8.1 Mg1.4
aluminum alloy was specifically
designed for SLM.

� GP zones/Mg-Si clusters were formed
in as-built alloy.

� After direct aging, b00 nanoparticles
were precipitated from a-Al cells.

� The strength of present alloy was
much higher than that of SLM
AlSi10Mg alloys.
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a b s t r a c t

A high-strength AlSi8.1Mg1.4 aluminum alloy was specifically designed for selective laser melting (SLM)
by doubling the Mg content of A357 alloy based on the rapid solidification characteristics of the SLM pro-
cess. The alloy showed good processability with maximum density over casting alloy with the same com-
position. The microstructure of the as-built alloy was characterized by the formation of cell structure. The
a-Al cells manifested GP zones/Mg-Si clusters. The yield strength (YS), ultimate tensile strength (UTS),
and elongation to fracture of the as-built alloy were 341 ± 14 MPa, 518 ± 6 MPa, and 7.1 ± 0.4%, respec-
tively. Due to the precipitation of b00 nanoparticles in a-Al cells, the strength of the SLM alloy was effec-
tively improved after direct aging at 150℃ and 200℃, with a maximum YS of 446 ± 5 MPa and maximum
UTS of 546 ± 1 MPa, which were much higher than those of Al-Si-based alloy produced by SLM. When the
aging temperature exceeded 200 ℃, the strength of the alloys decreased rapidly, but the elongation
increased significantly. Multiple strengthening mechanisms, including grain refinement, GP zones/Mg-
Si clusters, and b00 nanoparticle precipitation contributed to the high strength of SLM AlSi8.1Mg1.4 alloy.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Aluminum alloys have been widely used in many fields, such as
aerospace, automobile, and power electronics industries due to
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their low density, high strength, high thermal and electrical con-
ductivity, as well as excellent oxidation resistance [1,2]. Tradition-
ally, aluminum engineering parts are manufactured by casting,
wrought and powder metallurgy, which are difficult to produce
complex shape parts directly [3–4]. Selective laser melting (SLM)
is an economic, efficient and advanced manufacturing (AM) tech-
nology based on the layer-by-layer melting of metal powders using
a high-power laser beam to fabricate desired parts with shape free-
dom [5], and possesses improved mechanical properties of AM
parts in comparison with other conventional manufacturing pro-
cesses [6]. However, only limited number of aluminum alloys can
be fabricated with high-quality during SLM at present [7,8].

Fully-dense and crack-free Al-Si-based alloys can be produced
using SLM due to the narrow solidification range of alloy melts
[9–12]. Wu et al. [13] reported that the SLM AlSi10Mg alloy formed
an ultrafine eutectic Si microstructure, ca. 10–100 nm in size
around the cell and grain boundaries. The extremely fine cellular
microstructure, ultrafine eutectic microstructure, with a supersat-
urated solid solution of Si in face–centered-cubic (FCC) a-Al matrix,
leads to significant enhancement in the mechanical behaviour of
SLM alloy [14–16]. Furthermore, the microstructure and mechani-
cal properties of the alloy can be adjusted in a wide range through
post heat treatment [17,18]. Unfortunately, the yield strength (YS)
and ultimate tensile strength (UTS) of these alloys are lower than
300 MPa and 500 MPa, respectively [7], which are still much lower
than those of traditional high-strength aluminum alloys (e.g.
wrought 7075) [19]. Many attempts have been made to manufac-
ture high-performance 2xxx, 6xxx, and 7xxx alloys, but they
undergo pronounced cracking and pore formation during the
SLM process [20,21]. Recent researches on SLM alloy have focused
on Si, Zr, and Ti which modified traditional high strength alu-
minum alloys [22–26]. Martin et al. [25] induced secondary partic-
ulates in SLM by Zr alloying to induce grain refinement of high-
strength aluminum alloys of wrought compositions, producing
crack–free materials for the first time with strengths over common
SLM AlSi10Mg alloy. Recently, Mehta et al. [27] produced a Zr-
modified AA6061 by SLM. After T6 heat treatment, YS, UTS and
elongation of the alloy reached 300 MPa, 327 MPa, and 14%,
respectively. However, the strength of such alloys is still lower
than those of their wrought counterparts. Another alternative is
Sc and Zr modified Al-Mg-Mn series wrought alloys (i.e. Scalmal-
loy�, AlMg4.6Mn0.49Sc0.66Zr0.42) [28–32]. Schmidtke et al. [29]
first reported on the SLM Scalmalloy� alloy. After direct aging
treatment at 325 �C for 4 h, the alloy exhibited high strength and
plasticity with YS of 520 MPa, UTS of 530 MPa, and elongation of
14%. Spierings et al. [30,33] systematically studied the microstruc-
ture and mechanical properties of SLM Scalmalloy� alloy. The
results showed that the alloy presented a very fine equiaxed-
columnar bimodal microstructure. The primary precipitation of
Al3(Sc, Zr) nanoparticles during rapid solidification could effec-
tively refine the grains to avoid the cracks. Meanwhile, the strength
of the alloy was significantly improved after direct aging treatment
due to the precipitation of secondary Al3Sc nanoparticle coherent
with a-Al matrix. Jia et al. [31] designed a high-strength SLM Al-
Mn-Sc alloy. The new alloy showed a YS of up to 560 MPa and duc-
tility of approximately 18% after appropriate heat treatment. Li
et al. [32] designed a new low Sc-containing Al-Mg-Si-Mn-Sc-Zr
alloy. The maximum UTS of the alloy reached 550 MPa after the
aging treatment. Recently, Geng et al. [34,35] designed a new Al-
Mn-Mg-Sc-Zr alloy specifically for SLM by increasing the
(Mn + Mg) and (Sc + Zr) contents. The alloy showed super-high
strength (UTS > 700 MPa, YS > 600 MPa), high thermal stability,
and very low mechanical anisotropy. However, the high level of
Sc content (0.5–1.1 wt%) in these alloys makes the cost very high,
so that a large-scale application in the industrial field is limited. In
order to reduce the cost of raw materials, Croteau et al. [36] and
2

Geng et al. [37] investigated the microstructure and mechanical
properties of SLM Zr- and Er-modified 5xxx aluminum alloy.
Unfortunately, its mechanical properties were significantly lower
than those of SLM Al-Mg-Sc-Zr aluminum alloys.

During the SLM process, a rapid solidification rate of about 105 –
108 K/s is achieved due to the rapid movement of the laser and low
heat input [38]. In this case, highly-supersaturated solid solutions
that are well beyond the normal solubility limits of most alloying
elements can be produced, which can effectively increase the solid
solution strengthening of the alloy and also the precipitation
strengthening for heat-treatable alloys [39]. Therefore, the distinc-
tive non-equilibrium solidification feature of the SLM process pro-
vides new opportunities for alloy composition design. The near-
eutectic Al-Si-Mg alloys, such as AlSi10Mg and Al12Si, exhibit good
SLM processability and low raw material cost. However, the com-
positions of present SLM Al-Si-Mg alloys are mainly derived from
the traditional casting alloys (Mg < 0.75 wt%), and they show gen-
erally low strength [10,40,41]. Thus, there is a need to develop
higher performing Al-Si-Mg aluminum alloys which can be specif-
ically tailored for SLM.

Furthermore, for the Al-Si-Mg casting alloy, the precipitation
strengthening after solid solution treatment is followed by precip-
itation sequence [42–45]: (Mg + Si) cluster/GP–I zones ? b00 (Mg5-
Si6 or Mg5Al2Si4)/GP–II zones ? B0 (Al3Mg9Si7) and b0 ? b (Mg2Si).
b00 is the main precipitate in the peak-aged Al-Si-Mg alloy and
forms needles along [100] Al [46,47]. In the traditional SLM Al–
Si–Mg (e.g. AlSi10Mg and AlSi7Mg) alloys, silicon particles with
random crystallographic orientations are the main precipitates
formed in a-Al cells under direct aging [47]. The precipitation of
Si particles can be explained by the much higher supersaturation
of Si atoms, which give Si atoms a stronger driving force to cluster
and precipitate than Mg [48]. Therefore, Si atoms form Si particles
much more quickly, but Mg clustering is too slow due to the pres-
ence of the much less-supersaturated Mg element, which makes
the formation of Si-Mg clusters or Mg-Si rich phases impossible
and also ineffective for the strengthening of the direct aging alloy
[48]. After T6 treatment [49], the precipitation sequence resembles
that of cast Al-Si-Mg alloys with the main precipitates of b00 phase
at the peak–aged condition, but the strength of the alloy decreases
rapidly due to the decomposition of the Si-rich cell boundaries and
the reduction of Si and Mg solid solution in a-Al cells [18,50].
Accordingly, increasing Mg content in SLM Al-Si-Mg alloy may be
an effective way to promote the formation of Mg-Si rich phase dur-
ing direct aging by promoting the driving force of Mg atom, hence
increasing the alloy strength effectively.

In this study, a new Al-Si-Mg aluminum alloy with high Mg-
content was specifically designed for SLM through doubling the
Mg content of A357 alloy. The SLM alloy from the developed Al-
Si-Mg has outstanding processability and high strength
(YS > 400 MPa, UTS > 540 MPa). In addition, direct ageing leads
to precipitation of a great deal of fine b00 phase in novel SLM
AlSi8.1Mg1.4 alloy, which can effectively improve the strength of
aging alloys.
2. Material and methods

2.1. Raw materials

An Al-Si-Mg alloy powder was prepared through a vacuum
induction N2 gas atomization (VIGA) process. The raw materials
were made of high-purity aluminum ingot (99.99 wt%), pure mag-
nesium (99.9 wt%), and pure silicon (99.99 wt%). The powder had a
chemical composition of AlSi8.2Mg1.4 (in wt.%), as verified by
inductively coupled plasma atomic emission spectroscopy (ICP–
AES). The size distribution of powder was tested by Ls–909 laser



Fig. 1. Evolution of the density of as-built alloys with the scanning speed at laser
power of 200 W and 300 W, respectively, and the dotted line shows the density of
the casting alloy with the same composition.
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particle size tester with D10 = 22.3 lm, D50 = 35.2 lm, and
D90 = 56.0 lm, respectively.

2.2. SLM process

SLM AlSi8.1Mg1.4 specimens were produced by using a BLT–
S310 machine with an Yb-fiber laser of 500 W in high-purity Ar
gas atmosphere to avoid oxygen contamination. The specimens
were fabricated using a laser beam diameter and a hatch spacing
of 100 lm. The building layer thickness was 30 lm. A rotation
angle of 67� was selected between consecutive layers. The laser
power was set to 200W and 300W. The scanning speed was varied
in the range of 800–1600 mm/s. After printing, the as-built speci-
mens were aged at 100–400 ℃ for 2 h or at 150 ℃ for 1–48 h,
respectively.

2.3. Characterization

The microstructure of the specimens was examined with an
optical microscope (OM) and scanning electron microscope (SEM,
SM–6480, at 200 kV). An orientation analysis was carried out by
electron backscatter diffraction (EBSD, OXFORD, Nordlys Nano)
using the step size of 0.3 lm. Transmission electron microscope
(TEM) images were taken using an FEI Titan 80–300 microscope
with an aberration corrector for objective lens, operated at
300 kV and JEM–2010F. Needle–shaped specimens required for
atom probe tomography (APT) were fabricated by lift–outs and
annular milled in an FEI Scios focused ion beam/scanning electron
microscope (FIB/SEM). The APT characterizations were performed
in a local electrode atom probe (CAMEACA LEAP 5000 XR). The
specimens were analyzed at 50 K in laser mode, a pulse repetition
rate of 200 kHz, a pulse energy of 40 pJ, and an evaporation detec-
tion rate of 0.3% atom per pulse. Imago Visualization and Analysis
Software (IVAS) version 3.8 was used for creating the 3D recon-
structions and data analysis.

2.4. Properties tests

The mass density of SLM AlSi8.1Mg1.4 specimens was deter-
mined using the Archimedes method, and that of cast specimen
was also measured for comparison. Cylindrical tensile specimens
with a gauge length of 70 mm and a diameter of 5 mm were
mechanically machined from built specimens (width, 15 mm;
height, 15 mm; length, 150 mm). In order to avoid ‘‘surface
effects”, the specimens were removed at least 2 mm from the sur-
face. The tensile tests were conducted on a universal Instron
machine (Zwick/Roell Z100) at a strain rate of 10-4 s�1. Tensile tests
were conducted on three specimens for each treatment to check
for repeatability of the results.

All microstructure characterization and mechanical properties
tests were carried out on the specimen fabricated at a laser power
of 200 W and a laser scanning speed of 1200 mm/s.
3. Results

3.1. Processability and microstructure of the as-built alloys

All as-built alloys are dense, free of cracks, and contain very few
gas pores. The highest density � 2.687 g/cm3 is obtained for the
alloy fabricated at a scanning speed of 1200 mm/s with a laser
power of 200 W, which is higher than that of the casting alloy
(�2.678 g/cm3) (Fig. 1), showing good SLM processability.

The optical micrograph in Fig. 2a presents the side view of the
longitudinal cross-section of as-built alloy, overlapped melt pools
can be observed, with melt pool boundaries shown in darker con-
3

trast, and the melt pool centre in slightly brighter contrast [14].
The very fine cellular microstructure can be seen in the high mag-
nification SEM image (Fig. 2b-2e). Across a melt pool, fine and
slightly coarse zones are formed with a heat affected zone (HAZ)
of < 5 lm thickness located in between them. The regions encom-
passing the border were melted twice. The coarsened cells were
formed mainly because the solidification rate decreased due to
the residual heat of the previous laser irradiation. The regions out-
side the coarsened cells are HAZ, the Si elements in the HAZ diffuse
and begin precipitating agglomerative by the heat induced again.
Finally, the precipitated Si phase dispersed in the Al matrix
appeared in the HAZ [51]. These microstructures are configurations
specific to the SLM Al-Si-Mg alloy [52]. The EBSD inverse pole fig-
ures (IPF) map of the as-built alloy shows that elongated a-Al
grains filled the melt pool, which correspond to columnar crystal-
lites (Fig. 3a). Small equiaxed grains are observed at the melt pool
boundaries, similar to Al-Si-Mg alloys manufactured by SLM [53].
The grain size distribution measured in the building direction
cross-section is shown in Fig. 3b. The result shows that the average
grain size of the alloy is about 6 lm, which is slightly smaller than
previously reported SLM Al-Si-Mg alloys (average size � 10 lm)
[52]. The center of the melt pool corresponds to the hottest point,
resulting from the local heating by laser-beam irradiation. It is evi-
dent that most of the elongated a-Al grains are preferentially ori-
ented in the h001i direction towards the center of the melt pool
[54], as shown in Fig. 3a.

The high-resolution lattice image and corresponding fast
fourier-transformed (FFT) image taken from the cell interior of fine
region of as-built alloy indicate that the cell matrix exists in Gui-
nier Preston (GP) zones (Fig. 4a). 3D APT reconstructions and the
corresponding histogram of an a-Al cell for the alloy show that
the spherical Si nanoparticles with sizes of 3–7 nm formed in the
a-Al matrix (Fig. 4b and 4c). Sharp concentration fluctuations of
Mg and Si exist across the cell matrix: 0.2–2.5 at.% for CMg vs. a
mean of 0.7 at.% and 1.6–5.4 at.% for CSi vs. a mean of 2.9 at.%
(Fig. 4d). The concentration fluctuations of Mg and Si appear to
be largely in-phase with a spatial separation of � 5 nm (Fig. 4d).
The cell boundary is mainly composed of Al, Si, and Al-Si-Mg
phases, as shown in Fig. 5.
3.2. The influence of aging treatments on the alloy microstructure

Fig. 6 shows the SEM images of the as-built AlSi8.1Mg1.4 alloy
after being aged at different temperatures for 2 h. The microstruc-



Fig. 2. Typical (a) OM and (b-e) SEM images of as-built alloy, which (c-e) show the magnified SEM of heat affected zone, coarse region and fine region, respectively.

Fig. 3. (a) EBSD IPF map and (b) grain size distribution of the as-built alloy.

Fig. 4 (continued)
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ture is not remarkably different from SEM images between the as-
built and 150 ℃ aged alloys (Fig. 2e and Fig. 6a). The number and
size of Si nanoparticles embedded in a-Al cells begin to increase
when the alloy is aged at 200 ℃ (Fig. 6b). When the aging temper-
ature increases to 250 ℃, the Si nanoparticles grow further
to � 100 nm, and the Si-rich cell boundaries begin to decompose
and become discontinuous (Fig. 6c) [14]. At 400 ℃, the Si particles
grow to 200–400 nm (Fig. 6d). Compared with the as-built alloy,
the size of the Si nanoparticles embedded in a-Al cells slightly
increases in the alloy after being aged at 150 ℃ for 8 h and 48 h
(Fig. 7).

Fig. 8 shows the high-resolution lattice image, 3D APT recon-
structions and corresponding histograms in the cells of the alloy
after aging treatment at 150 ℃ for 8 h. The results show that the
b00 nanoparticles precipitate from the a-Al matrix with composition
about Mg30Si40Al30 (at.%) (Fig. 8a and 8c), the number density of
4

the b00 precipitates is about 1.39 � 1024m�3. The size of Si nanopar-
ticles increased to 10–20 nm, consistent with SEM results
(Figs. 7 and 8b). The distribution of Mg and Si atoms in the a-Al
matrix became uniform with the average content of 0.2% and 2.8
at.%, respectively (Fig. 8c).



Fig. 4. (a) High-resolution lattice image (insets are corresponding magnifying
partial image and fast FFT image) and (b) 3D APT reconstructions revealing the
solute and precipitate distributions of the cell in the as-built AlSiMg1.4 alloy taken
from fine region. The histogram shows the composition profile across the (c) Si
nano-particles and (d) a-Al matrix.

Fig. 5. Histograms in cell boundary of the as-built alloy, showing the composition
profile across (a) from 1 to 2 regions and (b) from 2 to 3 regions in 3D APT
reconstructions inserted in histograms.
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3.3. The influence of aging treatments on the mechanical properties of
the alloys

The engineering tensile stress–strain curves of alloys with dif-
ferent aging temperatures are shown in Fig. 9a. The values of the
YS, UTS, and elongation obtained from the stress–strain curves
are summarized in Fig. 9b and Table 1. The YS, UTS, and elongation
of the as-built alloy are 341 ± 14 MPa, 518 ± 6 MPa, and 7.1 ± 0.1%,
respectively. The strength first increases and then decreases
rapidly upon the increase of the aging temperature. The elongation
shows the opposite trend of the strength. Maximum values of YS
and UTS with 446 ± 5 MPa and 539 ± 7 MPa are obtained for the
alloy after being aged at 200 ℃ for 2 h, with elongation of
2.3 ± 0.2 %. At 400 ℃, the YS and UTS decrease to 187 ± 5 and
232 ± 6 MPa, but the elongation increases significantly
(19.2 ± 1.1 %). Necking is observed near the fracture tip of the ten-
sile alloys after being aged at 300 ℃ and 400 ℃, respectively, cor-
responding to a large elongation (Fig. 9a and 9b). At 150 ℃, the
YS and UTS of the alloy continue to increase until they reach a
maximum after a short-term aging of 8 h with YS = 406 ± 2 MPa,
UTS = 546 ± 1 MPa, and then remain nearly constant upon pro-
longed aging up to 48 h (Fig. 9c and 9d), indicating good perfor-
mance stability.

The mechanical properties of SLM AlSi8.1Mg1.4 alloy and the
known aluminum alloys fabricated by SLM are collected in
Fig. 10. The present alloys exhibit much greater strength than that
of the SLM Al-Si, Al-Cu and Al-Zn based alloys with comparable
elongation [9,15,21,22,40,41,52,55–75]. The UTS of the SLM
5

AlSi8.1Mg1.4 alloy is even superior to the Al-Mg-(Sc,Zr)
(�530 MPa), and comparable to the Al-Mn-(Sc,Zr) alloy
(�550 MPa) [4,29–32,76,77]. Although the elongation of the pre-
sent alloy is lower than that of Sc and Zr modified Al-Mg and Al-
Mn alloys, the alloy obtained in this study does not contain a costly
Sc element, which makes it more suitable for various applications.
4. Discussion

4.1. Microstructural evolution

The possible microstructure evolution of the as-built
AlSi8.1Mg1.4 during aging treatment is schematically illustrated
in Fig. 11. For the as-built AlSi8.1Mg1.4 alloy, the mean concentra-
tion of Mg in a-Al cell is about 0.7 at.% (Fig. 4d), which is much
higher than that of traditional SLM Al-Si-Mg alloys (�0%) [78].
Thermodynamically, the enthalpy of mixing between Mg and Si
is �26 kJ/mol [79], indicating their strong chemical affinity for
each other in an alloy. Dynamically, high Mg content in a-Al cells
decreases the driving force for Si atoms and gives Mg atoms a
greater driving force to form Mg-Si clusters. Thus, Mg-Si atomic
clusters/GP zones are likely to form manifesting with the coopera-
tive concentration fluctuations of Mg and Si (Figs. 4 and 11a).
Besides, a large amount of Si is supersaturated in the a-Al matrix
(�2.9 at.%) due to the high cooling rate of alloy melt during the



Fig. 6. SEM images of the alloys (taken from fine region) aging at (a) 150 ℃, (b) 200 ℃, (c) 250 ℃, and (d) 400 ℃ for 2 h, respectively.

Fig. 7. SEM image of the alloys after being aged at 150 ℃ for (a) 8 h and (b) 48 h, respectively.
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SLM process, which exceeds the equilibrium solubility (1.7 at. %) at
the eutectic temperature [80]. The remaining Si is mainly in the
form of nanoparticles (3–7 nm) and cell boundaries with a small
amount of Mg dissolving in it (Figs. 4, 5 and 11a). The Mg-Si clus-
ters/GP zones can serve as precursors of the b00 phase for further
precipitate growth after direct aging treatment at 150 ℃ (Figs. 8 a
nd 11b). In this condition, Si does not start to be released from the
supersaturated a-Al matrix and cell boundaries due to the low dif-
fusion rate of Si at this temperature. But, a small amount of Si dif-
fuses to Si nanoparticles and causes the Si nanoparticles embedded
in a-Al cells slightly to coarsen, as a result, the mean concentration
of Si in a-Al cells decreases to 2.8 at.% (Fig. 8). However, when the
as-built AlSi8.1Mg1.4 alloy is aged at 200℃, a few fine secondary Si
6

nanoparticles precipitate from the a-Al grains. Meanwhile, primary
Si particles continue to grow up, and more b00 phase may precipi-
tate from a-Al matrix (Fig. 11b). At 250 ℃, the cell boundaries
are fully broken up due to residual stress released, however, the
original cell boundaries can still be traced [57]. The Si particles
within the cells are larger compared with the alloy been aged at
200 ℃. In addition, b00 may evolve into b’ and stable b phases
[81]. When alloys aged at 300 ℃ and 400 ℃, the cellular feature
of the a-Al and the Si-rich cell boundaries totally disappeared.
The cell boundaries were totally broken down and transformed
into Si-rich particles. The Si particles and b phase further grew
up through Ostwald ripening with their number decreasing signif-
icantly [80].



Fig. 8. (a) High-resolution lattice image (inset shows FFT image) and (b) 3D APT
reconstructions revealing the solute and precipitate distributions in the cell taken
from the fine region of the AlSi8.1Mg1.4 alloy after being aged at 150 ℃ for 8 h and
(c) the histogram showing the composition profile across the Mg-rich precipitate.
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4.2. Strengthening mechanism

Compared with SLM A357 alloy, the present SLM alloy exhibited
a high YS, which was mainly due to the effect of atomic clusters/GP
zones strengthening for as-built alloy and b00 precipitation
strengthening for the aging alloy.
4.2.1. As-built alloy
Compared with SLM A357 aluminium alloy with similar Si con-

tent but less than one half amount of Mg (�0.56 wt%), the SLM
AlSi8.1Mg1.4 alloy shows a similar average grain size [52]. The
subgrain size measures � 200–500 nm, which is comparable to
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that in SLM A357 alloy. Hence the grain fine and subgrain size
effect are not greatly different in the two systems. The Si particle
sizes and Si concentration in their a-Al cells are basically the same,
exerting similar strengthening effect [82]. So, extra strengthening
in the present as-built alloy arises mainly from Mg-Si clusters/GP
zones in a-Al matrix. Solute atoms form clusters/GP zones to
strengthen the alloy in a similar manner to precipitation strength-
ening [14,83]. The substantially different size and shear modulus of
Mg-Si clusters/GP zones compared with the surrounding Al atoms
in the matrix may generate localized strain fields that interact with
and hinder dislocations from moving freely through the lattice,
thereby increasing the YS of the alloy upon deformation [11,31].

4.2.2. Aging alloy
For the SLM AlSi8.1Mg1.4 alloy, the aging treatment signifi-

cantly increase the alloy strength. It is mainly attributed to the
b00 nanoparticles precipitation strengthening. Strengthening (rp)
of the alloy by b00 nanoparticles can be expressed as [84]:

rp ¼ M
br

ð2bGb2Þ�1=2 3f
2p

� �1
2

F3=2 ð3Þ

where M = 3.06 is the Taylor factor, b = 0.286 nm is the Burgers vec-
tor, r is mean b00 nanoparticles radius (1.82 ± 0.75 nm based on
statistics from Fig. 8b), b = 0.36 is constant in expression for the dis-
location line tension [85], G = 25.4 GPa is the shear modulus of Al, f
is the particle volume fraction (�1.2% based on statistics from
Fig. 8b), and F is mean interaction force between dislocations and
particles. For weak (shearable) particles F is a fair approximation
to assume that F is proportional to the particle radius as long as r
is smaller than the critical radius for shearing rc [86]:

F ¼ 2bGb2 r
rc

� �
ð4Þ

In aluminium alloys, rc is stated to be 15–25 times larger than
the magnitude of the Burgers vector [85], and hence 5 nm is used
as a compromise throughout the calculations [84]. According to
formulas (3) and (4), the precipitate strengthening arising from
b00 contributes to a strength increment of about 146 MPa for the
150 ℃-8h aging AlSi8.1Mg1.4 alloy.

After 150 ℃ aging treatment, the mean concentration of Mg in
a-Al cell decreased from 0.7 at.% to 0.2 at.% (Fig. 4d and 8c), which
would weaken the solution strengthening effect. The solid solution
strengthening effect of Mg in SLM AlSi8.1Mg1.4 alloy is given by
[14]:

r ¼ kCm ð5Þ
where r is yield strength, k is 17 MPa wt%�1 for Mg, C is the concen-
tration of Mg, andm is 1. After aging treatment, the YS decrement of
the alloy is calculated to be about 7 MPa.

Compared with SLM A357 alloy, the increment in YS of the pre-
sent aging alloy mainly originates from b00 nanoparticles precipita-
tion strengthening due to approaching strength increment induced
by Si-rich cell boundaries, Si particles, Si solid solution and disloca-
tion [14,78,83]. The YS of SLM A357 alloy is in the range of 225 to
280 MPa due to different processing parameters [14,48,86], which
is about 126 to 181 MPa lower than 150 ℃-8h aging AlSi8.1Mg1.4
alloy. The calculated YS increment arises from precipitation
strengthening and solid solution weakening is about 139 MPa,
which agrees well with the experimental results. After aging treat-
ment at 200 ℃ for 2 h, the further increase in the YS of the alloy
may mainly be attributed to the increase of b00 density. It should
be noted that the strengthening is not caused by Mg-Si phase pre-
cipitates but by particles of pure silicon in traditional SLM Al-Si-Mg
alloys [78]. Those random crystallographic orientations Si
nanoparticles have little strengthening effect on the alloy.



Fig. 9. (a, c) Tensile stress–strain curves and (b, d) mechanical properties of as-built and aging alloys. The inset in Fig. 9a shows a photograph of alloys after tension.

Table 1
Mechanical properties of as-built and aging alloys.

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

As-built 341 ± 14 518 ± 6 7.1 ± 0.4
150 ℃ � 2 h 370 ± 3 538 ± 1 5.8 ± 0.1
200 ℃ � 2 h 446 ± 5 539 ± 7 2.3 ± 0.2
300 ℃ � 2 h 275 ± 4 315 ± 1 11.3 ± 1.3
400 ℃ � 2 h 187 ± 5 232 ± 6 19.2 ± 1.1
150 ℃ � 4 h 380 ± 7 535 ± 3 5.3 ± 0.7
150 ℃ � 8 h 406 ± 2 546 ± 1 4.8 ± 0.4
150 ℃ � 12 h 400 ± 8 540 ± 8 4.4 ± 0.4
150 ℃ � 18 h 405 ± 3 540 ± 2 4.4 ± 0.1
150 ℃ � 24 h 405 ± 7 534 ± 1 4.4 ± 0.8
150 ℃ � 48 h 390 ± 8 522 ± 10 4.7 ± 0.3

Fig. 10. Comparison of the (a) YS and (b) UTS of the AlSi8.1Mg
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4.3. Softening mechanism

When the aging temperature is over 200 ℃, the strength of the
alloy is significantly reduced. The possible reasons can be attribu-
ted to the following aspects. Firstly, the destruction of Si-rich cell
boundaries leads to the decrease of contribution of boundary
strengthening. In the as-built alloy, the Si-rich cell boundaries
inside the grains can also impede the dislocation movement during
deformation [87]. Indeed, Kim et al. [88,89] reported the stress
reached in the cell boundaries to be more than twice that in the
Al phase. After 250, 300 and 400℃ aging treatment, the cell bound-
aries are broken or disappear. The load bearing effect of the globu-
lar Si particles (decomposed from Si-rich cell boundaries) is lower
compared to that of the elongated Si-rich cell boundaries reinforce-
1.4 alloys with other aluminum alloys fabricated by SLM.



Fig. 11. Schematic of the microstructural evolution of the as-built AlSi8.1Mg1.4 during aging treatment: (a) as-built, (b) 150 ℃, (c) 200 ℃, (d) 250 ℃, (e) 300 ℃ and (f) 400 ℃.
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ment [82,90]. Secondly, desolvation of Si and Mg in a-Al matrix
decreases the solid solution strengthening. Thirdly, the inco-
herency of b phase, and the coarsening of Si particles and b phase
reduce the precipitation strengthening. Fourthly, the reduction of
dislocation density after high temperature aging leads to the
decrease of contribution of dislocation strengthening. Last, grain
coarsening after high temperature aging may also reduce the grain
boundary strengthening according to Hall-Petch relationship.
5. Conclusion

A high-strength AlSi8.1Mg1.4 alloy was specifically designed for
SLM by doubling the Mg content of the A357 alloy. The effect of
aging treatment on the microstructure and mechanical properties
of the alloy were investigated. The conclusions are as follows:

(1). The alloy exhibited good processability with an equiaxed-
columnar bimodal grain structure. A significantly elongated
dendritic morphology with a cell structure existed in the a-
Al grains for the as-built alloy. The increasing of the Mg con-
tent in Al-Si-Mg alloy refined the a-Al grains, and formed GP
zones/Mg-Si clusters in the a-Al cells. Multiple strengthen-
ing mechanisms, including fine grain strengthening and GP
zones/Mg-Si atomic cluster strengthening contributed to
the high strength of the as-built alloy.

(2). The precipitation of b00 phase in AlSi8.1Mg1.4 alloy was suc-
cessfully realized after direct aging, which effectively
improved the strength of the alloy. After 150 ℃ and 200 ℃
aging, the YS and UTS of the alloy were over 400 MPa and
520 MPa, respectively. These values are much greater than
those of previously reported SLM Al-Si based alloys.

(3). When the aging temperature was over 200℃, the strength of
the alloy was significantly reduced due to the destruction of
Si-rich cell boundaries, the desolvation of Si and Mg in the a-
Al matrix, the coarsening of precipitated phases, the reduc-
tion of dislocation density and the grains coarsening.

(4). The good processability, high strength, and low rawmaterial
costs of the developed high-Mg-content AlSi8.1Mg1.4 alloy
9

may greatly expand the potential application of the SLM pro-
cess for high-performance aluminium alloy component
manufacturing.
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