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Abstract: In order to enhance the mechanical properties of the selective laser-melted (SLM) high-Mg content
AlSiMg]1.4 alloy, the Zr element was introduced. The influence of Zr alloying on the processability, microstructure, and
mechanical properties of the alloy was systematically investigated through performing microstructure analysis and
tensile testing. It was demonstrated that the SLM-fabricated AlISiMgl.4—Zr alloy exhibited high process stability with a
relative density of over 99.5% at various process parameters. Besides, the strong grain refinement induced by the
primary AlsZr particle during the melt solidification process simultaneously enhanced both the strength and plasticity of
the alloy. The values for the yield strength, ultimate tensile strength, and elongation of the SLM-fabricated
AlSiMgl.4—Zr were (34343) MPa, (485+4) MPa, and (10.2+0.2)%, respectively, demonstrating good strength—
plasticity synergy in comparison to the AISiMgl.4 and other Al-Si-based alloys fabricated by SLM.
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1 Introduction

Lightweighting is considered a crucial index
for evaluating the progressiveness of aerospace
vehicles [1]. The selective laser melting (SLM)
technology can enable the quick, and one-time
manufacturing of complex precision metal parts.
Consequently, based on this technology, the mass of
the parts can be effectively reduced, and the
performance of the parts can be improved through
topological optimization of the structure and the
integrated manufacturing of multiple parts [2—4].
High-strength aluminum alloys, e.g., 2xxx and 7xxx,
are commonly used in the manufacturing of key
parts in aerospace vehicles. However, the wide

freezing ranges render these alloys susceptible to
liquation cracking and hot tearing during the
implementation of the SLM process [5]. Therefore,
the application of SLM-fabricated aluminum alloys
is currently focused on traditional Al—Si and
Al-Si—-Mg alloy compositions, such as AlSil2,
AlSi7Mg, and AlSi10Mg [6,7]. Unfortunately, the
mechanical strength of these alloys is significantly
lower than that of conventional high-strength
aluminum alloys [8].

Compared with conventional manufacturing
technology, the rapid cooling nature during SLM
process (cooling rate of 10-10%K/s) can efficiently
refine the grain size and achieve a high solid
solubility of alloying elements in the matrix. As
a result, the strengthing effects including fine grain
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strengthening, solid solution strengthening, and
precipitation strengthening of the alloy can be
significantly improved [9,10]. KIMURA et al [11]
systematically studied the impact of Mg content
(0—2.5 wt.%) on the processability, microstructure,
and mechanical properties of the SLM-fabricated
Al-4Si—Mg alloy. The results indicated that as the
Mg content increased, the density and grain size of
the sample gradually decreased, and the strength
increased. Nevertheless, when the Mg content
exceeded 2.0 wt.% the elongation of the alloy
decreased rapidly. The maximum yield strength
(YS) and the ultimate tensile strength (UTS) of the
sample were 275 and 425 MPa, respectively,
with an elongation of 5%—7%. Recently, GENG
et al [12—16] reported the SLM-fabricated high Mg-
content AlSi8.1Mgl.4 and AlSi8Mg3 aluminum
alloys. The SLM-fabricated AISi8.1Mgl.4 alloy
exhibited good processability and mechanical
properties, with a minimum porosity of 0.047%, YS
of (341+£14) MPa, UTS of (518+6) MPa, and an
elongation of (7.1+0.4)%, respectively. Furthermore,
the increase of Mg content in the SLM-fabricated
Al-Si—Mg alloy resulted in the formation of Mg—Si
clusters in the a-Al cells. Following the direct aging
process, these Mg—Si
precursors of the f” phase for further precipitating
and growth, thereby effectively enhancing the
strength of the alloy. The SLM-fabricated
AlSi8Mg3 alloy showed very high hardness and
strength, with a Vickers hardness of over HV 210
and a compressive yield strength of over 540 MPa.

clusters could act as

These results were attributed to the increase in the
proportion of Si-rich cell boundaries and the density
of the Mg,Si strengthening nanoparticles induced
by the high content of Mg. However, the alloy
almost lost its plasticity. Increasing the Mg content
is an effective method for increasing the strength
of the SLM-fabricated Al-Si—Mg alloy. However,
the excessive Mg will significantly reduce the
plasticity of the alloy. It is thus necessary to
introduce alloying elements to regulate the
mechanical properties of the SLM-fabricated
Al-Si—Mg alloy.

The incorporation of Zr alloying elements in
2xxx and 7xxx series alloys can effectively avoid
the hot cracks generated during the SLM process
and improve the mechanical properties of the alloys

by producing fine equiaxed grains at the boundary
of the molten pool [17—19]. For instance, MARTIN
et al [17] first fabricated a crack-free SLM-
fabricated 7075 alloy by introducing Zr alloying
elements to induce the grain refinement effect. In
another interesting work, WANG et al [18] reported
a high-strength, crack-free SLM-fabricated Zr-
modified 2024 Al alloy with tensile properties
comparable to that of wrought 2024-T651 alloy.
Recently, GUO et al [20,21] fabricated a novel
SLM-fabricated Er/Zr-modified Al-7Si—0.6Mg
alloy. The authors demonstrated that the strength
and elongation increased after Er and Zr alloying
due to the grain refinement induced by the
(ALSi)3(Er,Zr) particles. From these perspectives, in
this work, a novel Zr-modified, high-Mg-content
AlSi8.1Mgl.4 alloy was fabricated using SLM. The
results showed that the addition of Zr to the
AlSi8.1Mgl.4 alloy can effectively improve the
process stability, refine the grain size, and increase
the mechanical properties of the alloy. Our work
provides valuable guidance for improving process
stability and mechanical properties of SLM-
fabricated commercial Al-Si—Mg alloy.

2 Experimental

2.1 Powder material

AlSiMgl.4 and AlSiMgl.4—Zr pre-alloying
powders were prepared using the vacuum induction
gas atomization (VIGA) method. The chemical
composition of the powder was tested by an
inductively coupled plasma atomic scanning
spectrometer (ICP, PE OPTIMA 7300DV). The
results are listed in Table 1. The surface
morphology and particle size distribution of these
powders are presented in Fig. 1. The pre-alloying
powders were spherical in shape (Figs. 1(a) and (b)).
The average sizes (Dso) of the AlSiMgl.4 and
AlSiMgl.4—Zr powders were 35.2 and 36.9 um,
respectively (Fig. 1(¢c)).

Table 1 Chemical compositions of AlISiMgl.4 and
AlSiMgl.4—Zr powders (wt.%)

Powder Si Mg Zr Fe Al

AlSiMgl.4 8.17 1.42 - 0.20 Bal
AlSiMgl.4—Zr 7.43 1.57 037 0.08 Bal
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Fig. 1 SEM images (a, b) and size distribution (c) of
AlSiMgl.4 (a) and AISiMgl.4—Zr (b) powders

2.2 Specimen fabrication

The bulk specimens with a dimension of
55 mm (length) x 15 mm (width) x 16 mm (height)
were fabricated using EP-M250 equipment with a
spot size of 70 um at room temperature. During the
SLM process, laser powers of 250 and 350 W, spot
size of 70 um, layer thickness of 30 um, hatch

spacing of 70 um, scanning speed of 800—
1200 mm/s, and rotate angle of 67° were used.
Argon gas was used to protect the powder from
oxidation. The density of the SLM specimens was
measured using the Archimedes method. The
relative density was obtained by dividing the
measured density by the theoretical density. The
theoretical ~ densities for  AlSiMgl.4  and
AlSiMgl.4—Zr alloys were 2.678 and 2.685 g/cm’,

respectively.

2.3 Microstructural characterization

The surface morphology of powders and
microstructure of the SLM-fabricated specimens
were analyzed with a scanning electron microscope
(SEM, JSM—-6480, at 200kV). An optical
microscope (OM, Axio Vert.Al) was used to
analyze the type of hole of the specimens. The grain
size and crystal orientation analysis of the
specimens were carried out by electron backscatter
diffraction (EBSD, OXFORD, Nordlys Nano) using
a step size of 0.3 um. The low-angle and high-
angle grain settings were 2°—15° and over 15°,
respectively. The transmission electron microscopy
(TEM) investigations were performed on a
JEM—-2010F, operated at 200 kV. TEM samples
were prepared by mechanical grinding to ~50 pm,
and a Twin-Jet Electropolisher was used to make a
thin area.

2.4 Mechanical properties

A UTMS5105 universal testing machine was
used to test the tensile property of the as-built alloy
at a constant strain rate of 1 mm/min according to
the ASTM E8-04 standard. The dimensions of the
tensile sample are shown in Fig. 2. The data were
the average values of three specimens. All
microstructure characterization and mechanical
properties tests were carried out on the specimen
fabricated at a laser power of 250 W and a laser
scanning speed of 1100 mm/s. All tests were carried
out at room temperature.

55 Unit: mm

Fig. 2 Dimensions of tensile sample
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3 Results and discussion

3.1 Processability

Figures 3 and 4 show the OM images of the
SLM-fabricated AISiMgl.4 and AlSiMgl.4—Zr
samples under varying process parameters,
respectively. Only a few metallurgical pores
induced by hydrogen, metal gases, and hollow
powders could be found in all samples [22].
Moreover, the change in the relative densities of the
samples with the process parameters is depicted in
Fig. 5. For the SLM-fabricated AlSiMgl.4 sample,
the process parameters had a large impact on the
relative density, with minimum and maximum
relative densities of (99.07+0.16)% and (99.79+0.16)%,
respectively. In contrast, the relative density of
the SLM-fabricated AISiMgl.4—Zr sample varied
between 99.50% and 99.61%, showing extremely

high process stability and processability. In the
present alloy, the addition of Zr alloying elements
can also control the laser powder bed interaction
instabilities by adjusting the viscosity of the melt
during the SLM process. Therefore, the fluctuation
of the molten pool can be simultaneously stabilized,
and the coalescence of the liquid droplets can be
prevented, which could result in the elimination of
large spatters and the printing of defective lean
samples with good consistency [23]. In striking
contrast, during the conventional SLM-fabricated
aluminum alloys, the process parameters had a
significant impact on the processability and properties
of the alloy, resulting in unstable mechanical
properties and low equipment applicability [24]. In
the SLM-fabricated AlSiMgl.4—Zr alloy, the wide
process parameter window is expected to significantly
improve the stability of the mechanical properties
of the SLM parts.

Fig. 3 OM images of AlISiMgl.4 samples fabricated under different process parameters: (a) 250 W, 800 mm/s;
(b) 250 W, 1000 mm/s; (c) 250 W, 1200 mm/s; (d) 350 W, 800 mm/s; (e) 350 W, 1000 mm/s; (f) 350 W, 1200 mm/s
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Fig. 4 OM images of AISiMgl.4—Zr samples fabricated under different process parameters: (a) 250 W, 800 mm/s;
(b) 250 W, 1000 mmy/s; (c) 250 W, 1200 mm/s; (d) 350 W, 800 mm/s; (¢) 350 W, 1000 mm/s; (f) 350 W, 1200 mm/s
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Fig. 5 Relative densities of SLM-fabricated AISiMgl.4
and AISiMg1.4—Zr samples

3.2 Microstructure

Figure 6 displays EBSD orientation maps
and schematic representations during the
implementation of the solidification process of the
SLM-fabricated AlSiMgl.4 and AlSiMgl.4—Zr
samples. The SLM-fabricated AlSiMgl.4 sample
exhibited columnar grains primarily, with a small
number of equiaxed grains located in the pool
boundaries, as depicted in Figs. 6(a) and (c). The
average grain size of the sample was about
(74£3) um. Conversely, an equiaxed-columnar
bimodal grain structure was revealed by EBSD with
a relatively large number of equiaxed grains
presented in the molten pool boundaries and an
average grain size of about (3+1) pm in the SLM-
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fabricated AISiMgl.4—Zr sample (Fig. 6(b)), which
was similar to those of the SLM-fabricated Zr-
and/or Sc-modified aluminum alloys [25-27]. In
traditional cast or forged aluminum alloys, Zr is
typically used as a grain refiner to combat
hot-tearing and increase mechanical properties [28].
During the SLM process of the AlSiMgl.4—Zr
alloys, the precipitation of the primary AliZr or
(ALSi)3Zr could serve as a nucleation site for a-Al
grains due to its low mismatch degree with the
aluminum matrix, producing a strong grain refining
effect [18,20]. As a result, a large number of small
equiaxed grains with random orientation will be
generated at the solidification front, i.e., the molten
pool boundary (Figs. 6(b) and (d)), which could
alleviate the internal stresses load generated
during the SLM process, decrease the deformation
of parts, and improve the processability and the
mechanical properties of the alloy [25]. With the
progress of the solidification, the increasing
solidification front velocity led to solute trapping,
which effectively suppressed the formation of grain
refiners according to time-dependent nucleation
theory [29]. In the absence of nuclei, the residual
melt formed coarse columnar grains with a (100)
texture along the solidification direction [30].

However, the existence of equiaxed grains could
refine the size of the columnar grains because the
equiaxed grains would impede the continuous
growth of the columnar front [20,31], as shown in
Fig. 6(b). SEM images presented in Figs. 7(a) and
(b) indicate that the «a-Al matrix of the
SLM-fabricated AlSiMgl.4—Zr sample displayed a
cellular substructure, consisting of fine and slightly
coarse cell regions with a heat-affected zone located
in between (Fig.7(a)). Moreover, spherical Si
nanoparticles were also precipitated from the a-Al
cells, as shown in Fig. 7(b), which was similar to
the other SLM-fabricated Al-Si—Mg alloys
[13—15,21,32]. Additionally, the boundaries of the
cells were rich in Si and Mg elements [33]. TEM
analysis revealed that a large number of GP zones
with a size of about 2 nm were present in the a-Al
cell matrix, which can be identified by the fast
Fourier transformation (FFT) pattern and the
corresponding Fourier filtered image, as shown in
Figs. 7(c) and (d). This phenomenon could also
be observed in the SLM-fabricated AlSiMgl.4
alloy [14]. These GP zones can act as precursors for
the precipitation of the " phase during artificial
aging, and effectively improve the strength of the
aging alloy [14,15].

Primary Al,Zr

Equiaxed grains

T Moten pool

Fig. 6 EBSD orientation maps (a, b) and schematic representations during solidification process (c, d) of SLM-

fabricated AlSiMgl.4 (a, c) and AlSiMgl.4—Zr (b, d) samples
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3.3 Mechanical properties

Figure 8(a) shows typical engineering stress—
strain curves of the SLM-fabricated AlSiMg1.4 and
AlSiMgl.4—Zr alloys. The YS, UTS and elongation
of the SLM-fabricated AlSiMgl.4 alloy were
(295+6) MPa, (476+3) MPa, and (8.4+0.6)%,
respectively. The inoculation of Zr in the
AlSiMgl.4 alloy simultaneously increased the
strength and plasticity with YS, UTS and elongation
of (343+3) MPa, (485+4) MPa, and (10.2+0.2)%,
respectively. The present SLM-fabricated AlSiMgl.4—
Zr alloy exhibited good strength—plasticity synergy

2739

in comparison to the Al-Si-based alloys fabricated
by SLM [11,15,33—40], as depicted in Fig. 8(b).

Zr alloying caused a significant grain
refinement effect in the SLM-fabricated Al-Si—Mg
alloy, which remarkably increased the tensile
properties of the alloy. Particularly, the YS
increased from (295+6) MPa for the AlISiMgl.4
alloy to (343£3) MPa for the AlISiMgl.4—Zr alloy.
According to the Hall-Petch law, the YS due to
grain boundary strengthening (Aog) can be
expressed by the following expression [41]:

Ao, =K(dy' —dy') (1)

Si rich cell boundaries

Fig. 7 SEM (a, b), TEM bright field (c), and HRTEM (d) images of SLM-fabricated AlSiMgl.4—Zr samples (The inset
in Fig. 7(d) shows the FFT pattern and corresponding Fourier-filtered image produced by five spots in yellow circles of

the FFT pattern)
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Fig. 8 Tensile stress—strain curves of SLM-fabricated AlISiMgl.4 and AlSiMgl.4—Zr samples (a) and comparison of YS
and elongation of SLM-fabricated AISiMgl.4—Zr alloy with other typical Al-Si-based alloys fabricated by SLM in their

as-built state (b)
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where K is a constant and can be set as
0.17 MPa-m'? [19], and dai-z and da represent the
grain sizes of the SLM-fabricated AISiMgl.4—Zr
and AlSiMgl.4 alloys, respectively. Based on the
acquired EBSD results, the average grain sizes of
the SLM-fabricated AlSiMgl.4 and AlSiMgl.4—Zr
alloys were 3 um and 7 pum, respectively. Therefore,
the increase in grain boundary strengthening can be
calculated as ~34 MPa, which was lower than the
experimental result of ~48 MPa. The remaining
strength increment could be attributed to the
solid-solution strengthening of the Zr atom and the
higher Mg concentrations of AlSiMgl.4—Zr than
those observed in the AISiMgl.4. The contribution
of the solid solution strengthening (Aoss) to the YS
increment can be described as follows [42]:

3 2/3 1+v 4/3 w 1/3
AasszM(—j (—j (—j Gle| ™ (2)
8) U-v b

where M is the average Taylor factor (3.06 for Al), v
denotes the Poisson’s ratio (0.345 for Al), w=5b, b
is the magnitude of the Burgers vector, G is the
shear modulus, ¢ is the lattice misfit strain (1.28%
for Mg and 1.35% for Zr) [43], and c is the molar
fraction of solute elements retained in the Al solid
solution. Furthermore, according to the TEM—EDS
analysis, the concentrations of Mg and Zr in
a-Al for the SLM-fabricated AlSiMgl.4—Zr alloy
were about 0.8 and 0.1 at.%, respectively, while
the concentration of Mg in the SLM-fabricated
AlSiMgl.4 alloy was about 0.4%. The estimated
strength increment induced by Zr and Mg was
around 12MPa. For the SLM-fabricated
AlSiMgl.4—Zr alloy, the sum of the grain boundary
strengthening increment (~34 MPa) and solid
solution strengthening increment (~12 MPa) results
in an estimated YS of 46 MPa, which is in direct
agreement with the experimental results (48 MPa).

4 Conclusions

(1) The SLM-fabricated AlSiMgl.4—Zr alloy
exhibited a heterogeneous grain structure with a
relatively large number of ultrafine a-Al equiaxed
grains at the molten pool boundary and a small
amount of columnar a-Al grains in the inner region
of the molten pool. The strong grain refinement
effect combined with the stabilized molten pool
fluctuation induced by Zr alloying remarkably
enhanced the SLM processability and process

stability of the SLM-fabricated AlSiMgl.4—Zr alloy,
which was expected to improve the stability of the
mechanical properties of the SLM-generated parts.

(2) The ultrafine-grained microstructure
mainly provided high strength and ductility in the
SLM-fabricated AlSiMgl.4—Zr alloy with a YS of
(34343) MPa and an elongation of (10.2+0.2)%,
exhibiting good strength—plasticity synergy.

(3) Due to the combination of good SLM
processability, high process stability, and excellent
mechanical  properties, the  SLM-fabricated
AlSiMgl.4—Zr alloys displayed broad application
prospects in the industry.
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