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Abstract: To improve the processability and mechanical properties of the selective laser melting (SLM) low Sc content 
Al−Mg−Sc−Zr alloy, Mn was used to partially replace Mg. The processability, microstructure, and mechanical 
properties of the SLM-fabricated Al−Mg−Mn−Sc−Zr alloy were systematically investigated by density measurement, 
microstructure characterization, and tensile testing. The results revealed that dense samples could be obtained by 
adjusting the SLM process parameters. The alloy exhibited a fine equiaxed-columnar bimodal grain microstructure. The 
presence of primary Al3Sc and α-Al(Mn,Fe)Si particles contributed to the grain refinement of the alloy with an average 
grain size of 4.63 μm. Upon aging treatment at 350 °C for 2 h, the strength and elongation of the alloy were 
simultaneously improved due to the precipitation of Al3Sc nanoparticles and the formation of the 9R phase. This study 
demonstrates that the strength−plasticity trade-off of the aluminum alloy can be overcome by utilizing SLM technology 
and subsequent post-heat treatment to induce the formation of the long-period stacked ordered phase. 
Key words: selective laser melting; low Sc content Al−Mg−Mn−Sc−Zr alloy; 9R phase; Al3Sc nanoparticle; strength− 
plasticity trade-off 
                                                                                                             
 
 
1 Introduction 
 

Selective laser melting (SLM) is an essential 
additive manufacturing (AM) technology that 
enables the efficient manufacture of complex 
structural metal components [1−3]. Aluminum 
alloys, are renowned for their exceptional properties, 
such as high specific strength, excellent thermal and 
electrical conductivity, and superior corrosion 
resistance, showing extensive applications in 
aerospace, automotive, and other industries [4,5]. 

The alloying with high contents of Sc and   
Zr elements can effectively enhance the SLM 
processability and mechanical properties of Al−Mg 
(5xxx) and Al−Mn (3xxx) series aluminum    

alloys [6]. Scalmalloy® (Al−4.6Mg−0.66Sc−0.42Zr) 
alloy was first designed for SLM [7]. The alloy 
exhibited outstanding mechanical properties with 
yield strength (YS) and ultimate tensile strength 
(UTS) over 520 MPa. The high strength of the 
Scalmalloy® alloy primarily originated from the 
combined effects of grain refinement strengthening 
caused by the primary Al3(Sc,Zr) particles, solid 
solution strengthening induced by Mg, and 
precipitation strengthening resulting from the 
secondary Al3Sc nanoparticles [8]. JIA et al [9] 
suggested that substituting Mn for Mg in 5xxx 
series aluminum alloys can enhance the mechanical 
properties of the alloy effectively. Furthermore, the 
UTS of the SLM-fabricated Al−Mn−Mg−Sc−Zr 
alloy could be further improved to over 700 MPa by 
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increasing the content of Mg+Mn and/or Sc+Zr 
elements [10−12]. However, the high content of Sc 
element (>0.5 wt.%) in these high-performance 
Al−Mn/Al−Mg-based aluminum alloys poses a 
challenge for practical applications. The Sc-containing 
Al−Mg-based aluminum alloys currently used in   
the industry usually have a low Sc content 
(<0.4 wt.%) [13], but the low nucleation 
concentration leads to poor processability during 
SLM of those alloys [14]. 

Overcoming the strength−ductility trade-off is 
a critical goal in alloy design. One possible solution 
is to incorporate twins and/or the long-period 
stacking ordered (LPSO) phase in the alloys. The 
twins and the LPSO phase serve as effective 
barriers, impeding the motion of dislocations within 
grains, thereby enhancing both the strength and 
strain-hardening ability of metallic materials. The 
9R phase is commonly formed through the 
dissociation of Σ3{112} incoherent twin boundaries 
(ITBs) in FCC crystals [15]. Twins and the LPSO 
phase are commonly observed in metals with   
low stacking fault energy (SFE), such as stainless 
steel (10−20 mJ/m2), Cu (~45 mJ/m2), and Ag 
(~16 mJ/m2) [16−19]. In contrast, the formation of 
twins and LPSO phase in bulk aluminum alloys is 
challenging due to their high SFE (120−166 mJ/m2) 
[20−22]. Recently, LI et al [23] have discovered 
twins and 9R-LPSO phase in the SLM-fabricated 
high Sc content Al−Mg−Si−Sc−Zr alloy. The 
presence of the 9R phase resulted in a significant 
improvement in the mechanical properties of the 
alloy. However, twins and LPSO phase were not 
observed in the low Sc content Al−Mg−Sc−Zr 
aluminum alloys. 

In this study, to improve the processability and 
mechanical properties of the SLM-fabricated low- 
Sc content Al−Mg−Sc−Zr aluminum alloy, Mn was 
chosen to partially substitute the Mg element.    
By adjusting the SLM process parameters, the 
dense Al−Mg−Mn−Sc−Zr samples were fabricated. 
The subsequent aging treatment resulted in the 
precipitation of Al3Sc nanoparticles and the 9R 
phase, which simultaneously improved the strength 
and plasticity of the alloy. 
 
2 Experimental 
 
2.1 Preparation of alloy powder 

A pre-alloyed Al−2.66Mg−2.01Mn−0.37Sc− 

0.33Zr−0.18Fe−0.10Si (wt.%) powder was prepared 
using the vacuum induction gas atomization (VIGA) 
method. The chemical compositions of the powder 
were determined using the inductively coupled 
plasma atomic emission spectroscopy (ICP-AES). 
 
2.2 SLM process 

The specimens with dimensions of 50 mm 
(length) × 15 mm (width) × 15 mm (height) were 
fabricated using an EP M250 machine. The process 
parameters are listed in Table 1. After printing, the 
specimens were aged at 350 and 400 °C for 2, 4, 6, 
8, 10, 12, 18, 24, and 48 h, respectively. 
 
Table 1 SLM process parameters 

Parameter Value 

Laser power/W 250, 350 

Laser beam diameter/μm 100  

Powder layer thickness/μm 30 

Hatch spacing/μm 100 

Laser scanning speed/(mm·s−1) 
800, 900,  

1000, 1100, 1200 
Angle of rotation/(°) 67 

 
2.3 Microstructure and phase characterization 

The microstructural analysis of the SLM- 
fabricated specimens was conducted by scanning 
electron microscopy (SEM, SM−6480) and 
transmission electron microscopy (TEM, JEM− 
2010F), respectively. An energy dispersive X-ray 
spectroscopy (EDX) was used to analyze the 
components of the specimens. The crystallographic 
orientation and grain size of the specimens were 
examined by the electron backscattered diffraction 
(EBSD, OXFORD Nordlys Nano). A Bruker D8 
Focus X-ray diffractometer (Cu Kα, 0.15406 nm) 
was used for phase identification of the specimens. 
 
2.4 Property tests 

The mass density of the specimens was 
determined using the Archimedes method. The 
tensile properties of the alloy were evaluated using 
a UTM5105 universal testing machine at a constant 
strain rate of 1 mm/min following the ASTM E8-04 
standard. The data were averaged from three 
specimens. The microstructure and mechanical 
properties of the specimens were tested on the 
specimens fabricated at a laser scanning speed of 
800 mm/s and a laser power of 350 W. 
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3 Results 
 
3.1 Processability 

Figure 1 illustrates the SEM microstructures of 
the Al−Mg−Mn−Sc−Zr alloys fabricated at different 
process parameters. At a laser power of 250 W, the 
alloys exhibited numerous keyholes and cracks. 
Notably, the keyholes were mainly penetrated by 
cracks (Figs. 1(a−c)). Conversely, for the alloys 
fabricated at a laser power of 350 W and scanning 
speeds between 800 and 1000 mm/s, only a few 
metallurgical holes were observed (Figs. 1(d) and 
(e)). However, keyholes and cracks appeared when 
the laser scanning speeds increased to 1200 mm/s 
(Fig. 1(f)). 

Relative density is a crucial indicator to assess 
the processability of the SLM-fabricated alloy [24]. 

The relative densities of the alloys exhibited a 
declining trend as the laser scanning speed 
increased (Fig. 2). At a laser power of 350 W, the 
alloys fabricated at scanning speeds ranging from 
800 to 1000 mm/s consistently achieved relative 
densities exceeding 99.5%, showing excellent 
processability. However, when the laser scanning 
speed was further increased to 1100 mm/s, the 
relative density of the alloy rapidly dropped to 
(97.93±0.06)% due to the presence of keyholes and 
cracks. At 250 W, the relative densities for all alloys 
remained below 98%. 

 
3.2 Microstructure 
3.2.1 As-built alloy 

The as-built alloy displayed a bimodal grain 
structure. The equiaxed grains were about 1 μm,   
while columnar grains varied in width from several 

 

 
Fig. 1 SEM images of alloy fabricated at different laser powers and laser scanning speeds 
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Fig. 2 Relative densities of alloys fabricated at different 
process parameters 
 
microns to tens of microns, with lengths in the tens 
of microns (Figs. 3(a) and (b)). The average grain 
size of the alloy was about 4.63 μm (Fig. 3(d)). 
Besides, the alloy exhibited a weak 〈001〉 texture, 
with minimum and maximum texture densities of 
0.55 and 1.49, respectively (Fig. 3(c)). 

Figure 4 exhibits the high-angle annular dark 
field (HAADF) TEM images and corresponding 
EDX mappings obtained from the equiaxed     
and columnar grain regions, respectively. The 
precipitates with sizes ranging from tens to 
hundreds of nanometers were observed in both the 
α-Al grains and grain boundaries (Figs. 4(a) and 
(c)). The EDX analysis confirmed the segregation 
of Mg, Si, Mn, Fe, O, and Sc elements (Figs. 4(b) 
and (d)). Further TEM analysis indicated the 
presence of Al6(Mn,Fe) and α-Al(Mn,Fe)Si phases 
in the grains (Figs. 5 and 6). The orientation 
relationship between α-Al(Mn,Fe)Si and α-Al 
matrix was determined to be [532]α-Al(Mn,Fe)Si// 
[001]α-Al with a semi-coherent interface (Fig. 6). 
The EDX results also suggested the possible 
presence of Mg2Si, Al3Sc, and oxide phases 
[25−27]. The regions surrounding the precipitates in 
equiaxed and columnar grains exhibited a uniform 
face-centered cubic (FCC) structure (Fig. 7). 
3.2.2 Aged alloy 

Aging treatment is known to be an effective 
way to improve the strength of Sc- and Zr- 
containing aluminum alloys [28]. Figure 8 presents 
TEM images of the alloy after being aged at 350 °C 
for 2 h. The SAED patterns obtained from the α-Al  

 

 
Fig. 3 TEM bright field image (a), EBSD map (b), pole 
figures (c), and grain size distribution (d) of alloy 
 
matrix indicated the precipitation of Al3Sc 
nanoparticles in both equiaxed and columnar grains, 
as depicted in the insets in Figs. 8(a) and (b), 
respectively. In addition, high-resolution TEM 
images revealed blocky precipitates with dimensions 
in the tens of nanometers in the grains (Fig. 8(c)). 
The corresponding FFT and inverse FFT images 
demonstrated that these precipitates were the 
deformed 9R-LPSO phase (Figs. 8(c) and (d)). 
Twins and stacking faults (SFs) were observed in 
the 9R phase. 
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Fig. 4 HAADF TEM images (a, c) and corresponding EDX mappings (b, d) obtained from equiaxed (a, b) and columnar 
(c, d) grains of alloy 
 

 
Fig. 5 TEM bright field image (a) and corresponding high-resolution TEM image (b) of alloy 
 

 
Fig. 6 High-resolution TEM image (a), and inverse fast Fourier transformed (FFT) image (b) obtained from FFT image 
inserted in (a) 
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Fig. 7 TEM bright field images and corresponding SAED patterns (insets) obtained from outside of precipitates in 
equiaxed (a) and columnar (b) grains of alloy 
 

 
Fig. 8 TEM bright field images (a, b) and corresponding SAED patterns (insets) obtained from equiaxed (a) and 
columnar (b) grains, high-resolution TEM and FFT images (inset) (c), and inverse FFT image (d) of alloy after aging at 
350 °C for 2 h 
 

After aging the alloy at 350 °C for 8 h, the 
primary precipitates were coarse (Figs. 9(a) and (c)). 
Besides, a significant number of secondary needle- 
shaped particles precipitated within the columnar 
grains. EDX analysis confirmed that these particles 

could be identified as the Al6(Mn,Fe) phase 
(Figs. 9(b) and (d)). Furthermore, the high- 
resolution TEM images and inverse FFT patterns 
determined that a small number of the residual 9R 
phases with dimensions less than 10 nm remained 
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in the alloy (Fig. 10). Figure 11 displays the XRD 
patterns of the Al−Mg−Mn−Sc−Zr alloy. For the 
as-built and aged (350 °C, 2 h) alloys, only the α-Al 
phase was observed in the XRD patterns. However, 
when the aging time was increased to 8 h, the 
Al6(Mn,Fe) phase appeared. 

 
3.3 Mechanical properties 

Figure 12(a) depicts the engineering stress− 
strain curves of the as-built and 350 °C-aged alloys 

for various time. The values of YS, UTS, and 
elongation are summarized in Fig. 12(b). For    
the as-built alloy, the YS, UTS, and elongation 
values were measured to be (220.5±11.6) MPa, 
(266.1±14.8) MPa, and (10.8±2.0)%, respectively. 
After aging the alloy at 350 °C for 2 h, both the 
strength and elongation of the alloy were improved 
synchronously, with a YS of (318.0±8.1) MPa, an 
UTS of (390.0±21.9) MPa, and an elongation of 
(14.8±2.4)%. Upon extending the aging time to 8 h, 

 

 
Fig. 9 HAADF TEM images (a, c) and corresponding EDX mappings (b, d) obtained from equiaxed (a, b) and columnar 
(c, d) grain regions of alloy after aging at 350 °C for 8 h 
 

 
Fig. 10 High-resolution TEM image (a) and FFT pattern (inset) of alloy after aging at 350 °C for 8 h (FFT pattern 
indicates typical twin structures in [111] texture and 9R superlattice spots), and inverse FFT pattern showing presence 
of SFs on every third close-packed plane (b) 
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Fig. 11 XRD patterns of as-built and 350 °C-aged alloys 
 

 
Fig. 12 Stress−strain curves (a) and mechanical 
properties (b) of as-built and 350 °C-aged alloys 
 
the YS and UTS of the alloy further increased to 
(347.0±15.0) MPa and (411.9±12.5) MPa, respectively; 
however, the elongation decreased to (7.3±0.6)%. 
Subsequently, with an increase in aging time to   
18 h, both the strength and elongation of the alloy 
concurrently decreased. 
 
4 Discussion 
 
4.1 Processability 

The morphology of the upper surface of SLM- 
fabricated alloys is influenced by various factors 

such as the melting degree, dynamics of the melt 
pool, and solidification properties. These factors, in 
turn, affect the formation of defects in the SLM- 
fabricated alloy [29]. A comprehensive description 
of these factors can be achieved by considering the 
volumetric energy density (EDv) [30]. The EDv is 
calculated as EDv=P/(vht), where P is the laser 
power, v is the scanning speed, h is the hatch 
spacing, and t is the layer thickness. Based on this 
formula, the EDv values for the alloys fabricated 
under different process conditions were calculated, 
and the results are listed in Table 2. 
 
Table 2 EDv values of alloy fabricated at different 
process parameters 

Laser 
power/W 

EDv/(J·mm−3) 
800 

mm/s 
900 

mm/s 
1000 
mm/s 

1100 
mm/s 

1200 
mm/s 

250 104.1 92.6 83.3 75.8 69.4 

350 145.8 129.6 116.7 106.1 97.2 

 
Figure 13 presents the SEM images of the 

upper surface of the SLM-fabricated Al−Mg−Mn− 
Sc−Zr alloys. At a laser power of 250 W, numerous 
spheres were observed on the top surface of the 
alloy (Figs. 13(a−c)). At a laser power of 350 W 
and a laser scanning speed ranging from 800 to 
1000 mm/s, only a few splashes were observed on 
the upper surface of the alloys (Figs. 13(d) and (e)). 
However, when the laser scanning speed was 
increased to 1200 mm/s, the balling phenomenon 
began to appear on the upper surface of the alloy 
(Fig. 13(f)). 

In the SLM-fabricated alloy, the small splashes 
may have less impact on the processability [31,32]. 
At a laser power of 350 W and a laser scanning 
speed of 800−1000 mm/s, the high EDv (116.7− 
145.8 J/mm3) results in a higher energy input, 
which increases the temperature of the molten pool. 
Consequently, the surface tension and viscosity of 
the molten material decrease, allowing the molten 
material to spread and flow more smoothly 
throughout the pool. As a result, the molten material 
becomes more resistant to the fragmentation [33]. 
Consequently, a continuous and uniform laser 
scanning path is achieved, which can effectively 
prevent the formation of balls (Figs. 13(d) and (e)). 
This reduces the likelihood of defects during the 
remelting process, thereby enhancing processability 
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Fig. 13 SEM images of upper surface of alloy fabricated at different process parameters 
 
of the alloy (Fig. 1). On the contrary, insufficient 
laser energy input leads to the intermittent spread of 
the molten pool during SLM processes, causing the 
balling phenomenon. These residual molten balls 
might not fully liquefy during the re-melting 
process for subsequent layers, hindering the 
uniform deposition of powder layers and inadequate 
gap filling on irregular surfaces [34], and thus 
resulting in the formation of keyholes within the 
alloy (Figs. 1 and 2). Furthermore, the 
SLM-fabricated alloys often experience elevated 
levels of thermally induced residual stresses due to 
the rapid cooling inherent in the SLM process, 
which tend to concentrate in irregular defect regions 
such as keyholes. If these residual stresses exceed 
the YS of the alloys during cooling, cracks may 
form [35,36]. 

4.2 Microstructure 
In commercial Al−Mn-based alloys, impurities 

like Fe and Si commonly appear and combine  
with Al and Mn to form cubic α-Al(Mn,Fe)Si   
and orthorhombic Al6(Mn,Fe) phases [37]. In alloys 
with high Si content, the α-Al(Mn,Fe)Si phase 
remains stable, preventing the formation of 
Al6(Mn,Fe) phases. Conversely, in alloys with  
low Si levels, the α-Al(Mn,Fe)Si phase forms 
during initial heating at lower temperatures but 
dissipates at higher temperatures, ultimately 
resulting in the precipitation of the more stable 
Al6(Mn,Fe) phase [25,38]. 

In our study, both α-Al(Mn,Fe)Si and 
Al6(Mn,Fe) phases were observed through TEM 
analysis (Figs. 5 and 6), which can be attributed  
to the low Si content in the alloy. Besides,      



Yong-kang CHEN, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1729−1741 

 

1738 

the presence of Mg and Sc elements in the alloy 
promotes the formation of the Mg2Si and     
Al3Sc phases (Figs. 4 and 7). In SLM-fabricated 
Sc-containing aluminum alloys, the primary Al3Sc 
nanoparticles have been found to play a crucial role 
in grain refinement due to their coherence with  
the Al matrix [39]. Recently, LI et al [25] have 
investigated the habit planes of dispersoids for 
α-Al(Mn,Fe)Si in as-cast AA3003 alloy. The results 
revealed that α-Al(Mn,Fe)Si dispersoids exhibit 
partial coherency with the Al matrix. Our research 
also agrees with their results (Fig. 6). The 
precipitation of the α-Al(Mn,Fe)Si phase may  
also contribute to the grain refinement in SLM- 
fabricated Al−Mg−Mn−Sc−Zr alloy. The combined 
grain refinement effect of Al3Sc and α-Al(Mn,Fe)Si 
led to a smaller average grain size and a higher 
proportion of equiaxed grains in the current alloy 
compared to other Al−Mg-based aluminum alloys 
fabricated by SLM with similar Sc content [40]. 
Furthermore, the precipitation of numerous nano- 
particles within the grains and at the grain 
boundaries also hinders the growth-preferred 
orientations of the columnar grains (Fig. 4). 

Previous studies [22,40−44] showed that adding 
low SFE alloying elements, such as Mg, Sc, Zr, Fe, 
and Si, to pure aluminum can effectively reduce  
the SFE of the material. However, conventional 
processing methods still face significant challenges 
in achieving twins and the LPSO phases in 
aluminum alloys, mainly due to the low equilibrium 
solid solubility of these low SFE alloying elements. 
During the SLM process, the melt cools rapidly at a 
rate of 105−106 K/s, which makes the alloy achieve 
supersaturated solid solutions that exceed the solid 
solution limits of alloying elements [45]. The 
unique characteristic of the SLM process promotes 
the formation of twins and the LPSO phase in bulk 
aluminum alloys. 

According to EDX point measurement, the 
solid solution contents of Mg, Mn, Sc, Zr, Fe, and 
Si in α-Al of the as-built alloy were found       
to be 1.63 wt.%, 1.55 wt.%, 0.25 wt.%, 0.34 wt.%, 
0.15 wt.%, and 0.08 wt.%, respectively. It is worth 
noting that the Mg and Zr elements are difficult   
to precipitate from α-Al, while the Sc element 
primarily forms Al3Sc nanoparticles during the 
aging treatment at 350 °C [8,23] considering that 
twins and the 9R phase serve as transition structures 
during phase transformation [46]. Therefore, the 

solid solution of Fe and Si elements in the present 
SLM-fabricated Al−Mg−Mn−Sc−Zr alloy may 
significantly influence the formation of twins and 
the 9R phase. It is assumed that a portion of Fe and 
Si elements form α-Al(Mn,Fe)Si, Al6(Mn,Fe), and 
Mg2Si phases in the as-built alloy. The remaining 
Fe and Si elements may segregate and form clusters 
with Al and Mn elements. Following a 350 °C 
aging treatment, the strain energy between clusters 
and the α-Al matrix decreases, which leads to the 
twins precipitating from Mn, Fe, and Si-enriched 
areas through atom rearrangement and lattice 
distortions. As the aging time increases, part of the 
twins transform into the 9R phase through the 
dissociation of Σ3{112} ITBs. As the aging time 
further increases, twins and the 9R phase transform 
into α-Al(Mn,Fe)Si phase, eventually decomposing 
into a stable Al6(Mn,Fe) phase. 
 
4.3 Mechanical properties 

For the as-built Al−Mg−Mn−Sc−Zr alloy, 
several strengthening mechanisms contribute to its 
strength. Firstly, solid solutions of Mg, Mn, Sc, Zr, 
Fe, and Si elements cause atomic lattice distortion, 
hindering dislocation movement and increasing the 
strength of the alloy [47]. Secondly, the presence  
of Al6(Mn,Fe), Mg2Si, Al3Sc, α-Al(Mn,Fe)Si, and 
oxide secondary phases creates obstacles to the 
dislocation movement, further enhancing the 
strength [48]. Finally, the precipitation of primary 
Al3Sc and α-Al(Mn,Fe)Si has a strong grain 
refinement effect, as the high-density grain 
boundaries effectively hinder dislocation movement, 
leading to increased strength [49]. 

After an aging treatment at 350 °C for 2 h, a 
large amount of secondary Al3Sc nanoparticles and 
the 9R phase begin to precipitate from α-Al of the 
alloy. The Al3Sc nanoparticles act as strengthening 
agents, hindering dislocation movement and 
impeding grain boundary motion, thus enhancing 
the strength of the alloy. Moreover, the 9R phase 
also serves as an obstacle, storing dislocations 
inside grains and concurrently increasing strength 
and strain hardening ability in metallic materials 
[15]. Therefore, the increase in elongation observed 
in the SLM-fabricated Al−Mg−Mn−Sc−Zr alloy 
after aging treatment can be mainly attributed to the 
precipitation of the 9R phase. As the aging 
temperature extends to 8 h, the alloy strength is 
further reinforced owing to the substantial 
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precipitation of α-Al(Mn,Fe)Si and/or Al6(Mn,Fe) 
phases. However, with a reduction in the number 
and size of the 9R phase, there is a noticeable 
decrease in the plasticity of the material. As the 
aging time extends to 18 h, both the strength and 
ductility of the alloy decrease due to the coarsening 
of precipitates. 
 
5 Conclusions 
 

(1) The volumetric energy density EDv greatly 
influenced the processability of the SLM-fabricated 
Al−Mg−Mn−Sc−Zr alloy. High EDv resulted in 
increased energy input, which promoted the 
uniform spreading of the melt and produced a 
smooth upper surface of the alloy. This prevented 
the formation of keyholes and microcracks, resulting 
in improved densification. 

(2) The alloy exhibited a microstructure with 
equiaxed and columnar grain regions. Various 
nanoparticles, including Al6(Mn,Fe), Mg2Si, Al3Sc, 
α-Al(Mn,Fe)Si, and oxide phases, were observed 
within the alloy. The YS, UTS, and elongation 
values for the as-built alloy were (220.5±11.6) MPa, 
(266.1±14.8) MPa, and (10.8±2.0)%, respectively. 
After aging the alloy at 350 °C for 2 h, the Al3Sc 
nanoparticles and the 9R phase were precipitated 
from the α-Al matrix, which simultaneously 
improved the strength and plasticity of the alloy, 
leading to the increased YS, UTS, and elongation 
values of (318.0±8.1) MPa, (390.0±21.9) MPa,  
and (14.8±2.4)%, respectively. However, with 
prolonging aging time, the 9R phase gradually 
transformed into a stable phase, resulting in a 
significant reduction in the alloy plasticity. 

(3) Leveraging the inherent technical 
characteristics of rapid cooling in SLM, it has 
become feasible to create bulk aluminum alloys 
with LPSO phase through high concentration low 
SFE element alloying. This methodology proves to 
be highly effective in improving the mechanical 
properties of the alloy, making it an important 
advancement in the development of high- 
performance aluminum alloys. 
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时效处理同步提升激光选区熔化低 Sc 含量 
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摘  要：为了改善激光选区熔化(SLM)低 Sc 含量 Al−Mg−Sc−Zr 合金的成形性和力学性能，以 Mn 元素替代部分

Mg 元素，通过密度测量、显微组织表征和拉伸性能测试，系统地研究了 Al−Mg−Mn−Sc−Zr 合金的 SLM 成形性、

显微组织和力学性能。结果表明，通过调整 SLM 工艺参数，可以获得致密的样品。合金呈现精细的等轴柱状双

峰晶粒结构。熔体在凝固过程中析出的 Al3Sc 和 α-Al(Mn,Fe)Si 纳米颗粒有效细化了合金的晶粒尺寸，合金的平均

晶粒尺寸为 4.63 μm。合金经 350 °C、2 h 时效处理后，Al3Sc 纳米颗粒的析出和 9R 相的形成使得合金的强度和

伸长率同时提升。本研究表明，通过 SLM 技术，结合后期的热处理工艺可诱导铝合金中长周期堆垛有序相的形

成，从而克服铝合金中的强度−塑性矛盾。 

关键词：激光选区熔化；低 Sc 含量 Al−Mg−Mn−Sc−Zr 合金；9R 相；Al3Sc 纳米颗粒；强度−塑性矛盾 
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