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Abstract: In order to increase the processability and process window of the selective laser melting (SLM)-fabricated 
Al−Mn−Mg−Er−Zr alloy, a novel Si-modified Al−Mn−Mg−Er−Zr alloy was designed. The effect of Si alloying on the 
surface quality, processability, microstructure, and mechanical properties of the SLM-fabricated alloy was studied. The 
results showed that introducing Si into the Al−Mn−Mg−Er−Zr alloy prevented balling and keyhole formation, refined 
the grain size, and reduced the solidification temperature, which eliminated cracks and increased the processability and 
process window of the alloy. The maximum relative density of the SLM-fabricated Si/Al−Mn−Mg−Er−Zr alloy reached 
99.6%. The yield strength and ultimate tensile strength of the alloy were (371±7) MPa and (518±6) MPa, respectively. 
These values were higher than those of the SLM-fabricated Al−Mn−Mg−Er−Zr and other Sc-free Al−Mg-based alloys. 
Key words: selective laser melting; Al−Mn−Mg−Er−Zr−Si alloy; surface roughness; processability; mechanical 
properties 
                                                                                                             

 
 
1 Introduction 
 

Selective laser melting (SLM) is one of    
the most widely-used additive manufacturing 
technologies for obtaining metal parts with complex 
geometries that are unachievable by traditional 
manufacturing methods. In addition, the rapid 
cooling nature of SLM technology provides a high 
solid solubility of alloying elements and a fine 
microstructure far beyond the traditional process, 
thus improving the mechanical properties of 
manufactured parts [1−3]. 

In the SLM-fabricated Al−Mg/Mn-based 
alloys, the introduction of Sc and Zr alloying 
elements prevents the formation of solidification 
cracks and improves the strength of the base alloy 

through fine-grain strengthening and precipitation 
strengthening from the decomposition of Al3Sc 
and/or Al3(Sc,Zr) precipitates [4−6]. Scalmalloy® 
(Al−4.50Mg−0.51Mn−0.66Sc−0.37Zr) was first 
designed for SLM by introducing high content Sc 
and Zr elements into Al−Mg−Sc−Zr alloy according 
to the advantages of non-equilibrium metallurgical 
features of the SLM process [7]. This alloy 
exhibited a high yield strength (YS) of 520 MPa 
and an ultimate tensile strength (UTS) of 530 MPa 
after direct aging treatment at 325 °C for 4 h    
due to the precipitation of high-density secondary 
Al3Sc nanoparticles [8], which were much higher 
than those of conventional wrought Al−Mg−Sc−Zr 
alloy [9]. To further increase the strength of     
the SLM-fabricated Al−Mg−Mn−Sc−Zr alloy, 
GENG et al [10−12] designed an ultra-high strength 
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Al−Mn−Mg−Sc−Zr alloy with high contents of 
(Mg+Mn) and (Sc+Zr). Both the YS and UTS of  
the alloy exceeded 600 MPa after direct aging 
treatment. However, the high levels of Sc in raw 
materials increased the costs of the alloy powder. 
Erbium has been proposed as an alternative element 
that possesses similar characteristics to Sc, which 
can also form L12-type precipitates to improve the 
mechanical properties of aluminum alloys [13−15]. 
The price of Er is only one-thirtieth that of Sc. In 
our previous work [16], a novel Sc-free Al−Mn− 
Mg−Er−Zr alloy was fabricated by SLM. The alloy 
showed good mechanical properties with YS, UTS, 
and elongation of (327±5) MPa, (502±3) MPa, and 
(12.2±1)%, respectively. Unfortunately, the alloy 
exhibited a narrow processing window, and hot 
cracks existed in most of the SLM-fabricated 
samples. 

The introduction of Si as an alloying element 
in 2xxx, 7xxx, and 5xxx-series alloys can prevent 
the formation of cracks during SLM by offering an 
extra liquid phase to reduce solidification shrinkage 
[5,17−20]. For instance, MONTERO-SISTIAGA  
et al [20] introduced 4 wt.% Si into a 7075 alloy  
to eliminate cracks in the SLM-fabricated alloy. LI 
et al [5] added 1.3% Si to Al−Mg alloy to reduce 
the crack susceptibility of SLM-fabricated alloy.  
In this work, a Si-modified Al−Mn−Mg−Er−Zr 
alloy was fabricated by SLM. The effect of Si 
alloying on the surface morphology, processability, 
microstructure, and mechanical properties of the 
alloy was studied.  
 
2 Experimental 
 
2.1 Powder material and SLM process 

The Al−6.01Mn−2.74Mg−0.86Er−0.52Zr (wt.%) 
powder was prepared by a vacuum induction N2 gas 
atomization process. The chemical composition of 
the powder was verified by inductively coupled 
plasma atomic emission spectroscopy. Si/Al−Mn− 
Mg−Er−Zr composite powder (2 wt.% Si and 
98 wt.% Al−6.01Mn−2.74Mg−0.86Er−0.52Zr) was 
synthesized by mechanical mixing. The scanning 
electron microscopy (SEM) image, particle size 
distribution, and energy-dispersive X-ray spectro- 
scopy (EDX) mapping of Si/Al−Mn−Mg−Sc−Zr 
composite powder are shown in Fig. 1. SLM 
specimens with a size of 55 mm × 15 mm × 15 mm 

were conducted using an EP M260 machine 
(E-Plus-3D, China). The processing parameters are 
given in Table 1. 

 
2.2 Microstructure, density and mechanical tests 

The top surface topography and microstructure 
of the SLM-fabricated specimens were examined 
with scanning electron microscope (SEM, SM- 
6480, at 200 kV) and optical microscope (OM), 
respectively. A LEXTOLS4000 laser scanning 
confocal microscopy (LSCM) was applied to 
measuring the roughness of the top surface of the 
specimens. X-ray computed tomography (X-ray CT, 
GE v/tome/x m) was performed to analyze the 
volume fraction and morphology of pores of the 
SLM-fabricated specimens. Electron backscattered 
diffraction (EBSD) was used to analyze the 
crystallographic orientation and grain size of the 
specimens. X-ray diffractometry (XRD) was 
performed in a D8 advance using a Cu-tube at 
40 kV and 40 mA. The thermal analysis of the 
alloys was characterized by differential thermal 
analysis (DTA) in a Pyris Diamond with a cooling 
rate of 20 °C/min. The mass density of specimens 
was determined using the Archimedes method. A 
UTM5105 type universal testing machine was used 
to test tensile property of the alloy at a constant 
strain rate of 1 mm/min according to the ASTM 
E8-04 standard. 

 
3 Results 
 
3.1 Surface morphology 

The SEM and LSCM top-surface images    
of Al−Mn−Mg−Er−Zr and Si/Al−Mn−Mg−Er−Zr 
samples fabricated under different laser powers and 
scanning speeds are shown in Fig. 2. For the 
SLM-fabricated Al−Mn−Mg−Er−Zr alloy, balling 
was observed on all sample surfaces. The diameter 
of balls varied from tens to hundreds of microns. As 
a result, the alloy showed a large roughness of 
18.573−42.623 μm (Fig. 2(a)). Cracks were also 
observed on the surface of most samples, as shown 
in Fig. 2(a). Conversely, balling did not exist on the 
upper surface of the SLM-fabricated Si/Al−Mn− 
Mg−Er−Zr alloy (Fig. 2(b)), except for some Er- 
containing oxide particles with a size of several 
microns and large elliptical oxide residues induced 
by spatter spreading (Fig. 3). The roughness of the 
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Fig. 1 SEM images (a, c), size distribution (b), and EDX mappings (d−h) of Si/Al−Mn−Mg−Er−Zr composite powder 
 
Table 1 Processing parameters during SLM 

Parameter Value 

Laser power/W 250, 350 

Laser scan speed/(mm∙s−1) 800, 900, 1000, 1100, 1200 

Laser spot diameter/μm 100 

Hatch distance/μm 100 

Layer thickness/μm 30 

 
alloy varied in the range of 8.665−21.309 μm under 
different processing parameters (Fig. 2(b)). 
 
3.2 Microstructure and relative density 

OM images of the longitudinal section of   
the SLM-fabricated Al−Mn−Mg−Er−Zr and Si/Al− 
Mn−Mg−Er−Zr alloys with different process 
parameters are shown in Fig. 4. The SLM- 
fabricated Al−Mn−Mg−Er−Zr samples obtained 
with only three parameters did not have hot cracks, 
as shown in Fig. 4(a). Interestingly, after alloying 
with 2 wt.% Si, no hot cracks were found        
in any sample (Fig. 4(b)). The relative density of 
the Al−Mn−Mg−Er−Zr alloys fabricated under 

different processes was less than 99%. The highest 
relative density of about 98.9% was achieved at a 
laser power of 350 W and a scanning speed of 
800 mm/s, as shown in Fig. 5. The relative density 
of all SLM-fabricated Si/Al−Mn−Mg−Er−Zr alloys 
exceeded 99.2%, showing a wide process window. 
The sample fabricated at a laser power of 250 W 
and a scanning speed of 1000 mm/s exhibited a 
maximum relative density of 99.6%, showing good 
processability (Fig. 5). The CT analysis showed that 
the Al−Mn−Mg−Er−Zr alloy fabricated at a laser 
power of 350 W and a scanning speed of 800 mm/s 
exhibited many irregular keyholes and circular 
metallurgical holes (Fig. 6(a)). However, only a 
small number of circular holes were found in the 
SLM-fabricated Si/Al−Mn−Mg−Er−Zr alloy, as 
shown in Fig. 6(b). This was consistent with the 
OM and relative density results. 

 
3.3 Phase composition, and thermal analysis 

results 
The XRD patterns showed that α(Al), Al3Er, 

and Al6Mn phases existed in the SLM-fabricated 
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Fig. 2 SEM and LSCM images of upper surface of SLM-fabricated samples under different process conditions:      
(a) Al−Mn−Mg−Er−Zr; (b) Si/Al−Mn−Mg−Er−Zr 
 

 
Fig. 3 EDX mappings of upper surface of SLM-fabricated Si/Al−Mn−Mg−Er−Zr samples 
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Fig. 4 OM images of SLM-fabricated Al−Mn−Mg−Er−Zr (a) and Si/Al−Mn−Mg−Er−Zr (b) samples with different 
process parameters 
 

 

Fig. 5 Relative density of Al−Mn−Mg−Er−Zr and Si/Al− 
Mn−Mg−Er−Zr samples fabricated with different process 
parameters 
 
Al−Mn−Mg−Er−Zr alloy (Fig. 7(a)). After the Si 
alloying, a new Mg2Si phase was formed (Fig. 7(a)). 
The DTA cooling curves of the alloy are shown in 
Fig. 7(b). The solidification temperature decreased 
by 20 °C (from 642 °C for Al−Mn−Mg−Er−Zr 
alloy to 622 °C for Si/Al−Mn−Mg−Er−Zr alloy). A 
single eutectic point was observed at 612 °C for 
Al−Mn−Mg−Er−Zr alloy. For Si/Al−Mn−Mg− 
Er−Zr alloy, the first eutectic point shifted to a 
lower temperature, and a second separate eutectic 
peak appeared at a lower temperature (568 °C). 

According to the XRD patterns (Fig. 7(a)) and 
previous reports [19,20], the second eutectic peak 
was determined to represent the solidification of 
eutectic Al−Mg2Si. 

Figure 8 shows the EBSD orientation maps, 
pole figure (PF), and grain size distribution      
of the SLM-fabricated Al−Mn−Mg−Er−Zr and 
Si/Al−Mn−Mg−Er−Zr alloys. The SLM-fabricated 
Si/Al−Mn−Mg−Er−Zr alloy presented finer and 
more equiaxed grains at the melt pool boundaries. 
The intensity of the 〈100〉 texture of α(Al) and both 
the length and width of the columnar grains were 
reduced after Si alloying (Figs. 8(a, b)). As a result, 
the SLM-fabricated Si/Al−Mn−Mg−Er−Zr alloy 
showed a smaller grain size (4.66 μm) than SLM- 
fabricated Al−Mn−Mg−Er−Zr alloy (~5.10 μm), as 
shown in Figs. 8(c, d). 
 
3.4 Tensile properties 

The engineering tensile stress−strain curves of 
the SLM-fabricated Si/Al−Mn−Mg−Er−Zr samples 
are shown in Fig. 9(a). The values of the YS, UTS, 
and elongation obtained from the stress−strain 
curves were (371±7) MPa, (518±6) MPa, and 
(5±0.3)%, respectively. Compared with the SLM- 
fabricated Al−Mn−Mg−Er−Zr alloy, the YS and 
UTS increased by 44 MPa and 16 MPa, respectively, 
but the elongation decreased significantly [16], as  
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Fig. 6 Observation of internal pores by CT of SLM-fabricated Al−Mn−Mg−Er−Zr (a) and Si/Al−Mn−Mg−Er−Zr (b) 
samples 
 

 
Fig. 7 XRD patterns (a) and DTA curves (b) of SLM-fabricated Al−Mn−Mg−Er−Zr and Si/Al−Mn−Mg−Er−Zr samples 
 
shown in Fig. 9(b). The strength of the alloy was 
also higher than that of other SLM-fabricated 
Sc-free Al−Mg-based alloys [21,22]. 
 
4 Discussion 
 
4.1 Effect of Si on balling and processability 

Compared with the Al−Mn−Mg−Er−Zr alloy, 
surface balling did not exist in the Si/Al−Mn− 
Mg−Er−Zr alloy obtained from SLM. Laser spatter 
was the main reason for the spheroidization of   
the SLM-deposited alloy surface [23]. Laser spatter 
was created in the form of droplets expelled from 
the melt pool, which were oxidized in-flight  
before landing on the powder bed [24,25]. WANG 
et al [26] reported that the addition of Si to an Al− 
Cu−Mg alloy enhanced the laser absorptivity of 
aluminum alloy. GHASEMI et al [27] measured the 
laser absorptivity of pure Al, AlSi10Mg, and AlSi12 
alloys. The result showed that the laser absorptivity 
of AlSi12 was 51% higher than that of pure Al. The 

mixing of Si with an Al−Mn−Mg−Er−Zr alloy 
increased the laser absorptivity of the powder. A 
higher laser absorption resulted in a higher 
temperature within the melt pool with the same 
process parameters. This decreased the viscosity  
of the melt, enabling the liquid to spread and 
ultimately improving the bonding of alloy [28].   
In addition, the formation of low-temperature 
Al−Mg2Si eutectic and a decrease in the 
solidification temperature of the Si/Al−Mn−Mg− 
Er−Zr alloy further reduced the viscosity and 
surface tension of the melt. The metal droplets 
induced by laser spatter with a low melting point 
and high fluidity were easier to spread after falling 
back to the surface of the molten pool (Fig. 3), thus 
reducing the possibility of balling. 

The high surface roughness of the SLM- 
fabricated Al−Mn−Mg−Er−Zr alloy was mostly  
due to balling induced by laser spatter [29]. First,  
if these balls landed in an area where a part was 
fabricated, they could have become trapped and 
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Fig. 8 EBSD orientation maps (a, b) and grain size distribution (c, d) of SLM-fabricated Al−Mn−Mg−Er−Zr (a, c) and 
Si/Al−Mn−Mg−Er−Zr (b, d) samples 
 

 
Fig. 9 Tensile stress−strain curves of Si/Al−Mn−Mg−Er−Zr alloy fabricated at 250 W and 1000 mm/s (a), and 
comparison of mechanical properties of SLM-fabricated Al−Mn−Mg−Er−Zr and Si/Al−Mn−Mg−Er−Zr samples (b) 
 
acted as a contaminant that did not completely melt 
during re-melting while processing the following 
layers [23]. Second, excessive balling prevented  
the uniform deposition of powder layers. These 
phenomena caused the melt to incompletely fill the 

gaps of the irregular surface [30]. As a result, 
keyholes were formed in the alloy (Figs. 4(a) and 
6(a)), which decreased its processability and 
mechanical properties [31,32]. SLM parts often 
experience more thermally-induced residual stresses 
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due to the fast cooling rate of SLM [24]. Once a 
keyhole is formed, residual stresses easily 
concentrate in irregular regions and cracks are 
formed when the residual stress exceeds the   
yield strength of the material during solidification 
(Figs. 2(a) and 4(a)). 

After Si alloying, the absence of balling on the 
alloy surface prevented the formation of keyholes 
and reduced the crack sensitivity and porosity of the 
alloy (Figs. 4(b) and 6(b)). The microstructure also 
greatly influenced the formation of cracks in the 
SLM-fabricated alloy. Many studies have indicated 
that grain refinement can prevent the generation  
of cracks and increase the processability of the 
alloys [33−35]. As potent nucleation sites, solutes 
contribute to grain refinement via the generation of 
a constitutional supercooling zone at the solid− 
liquid interface front, which restricts grain growth 
when heterogeneous nucleation occurs within   
the constitutional supercooling zone [36]. The 
nucleation efficiency of a solute can be evaluated 
by the growth restriction factor (Q), which is 
expressed as follows [37]: 
 
Q=m(k−1)C0                                            (1) 
 
where m, k, and C0 represent the slope of the 
liquidus, partition coefficient, and solute 
concentration, respectively. Solutes with a large Q 
value rapidly generate constitutional supercooling 
at the solid−liquid interface front, leading to 
substantial grain refinement. The addition of Si to 
the Al−Mn−Mg−Er−Zr alloy increased the Q  
value [5] and decreased the grain size of SLM- 
fabricated Si/Al−Mn−Mg−Er−Zr alloy (Fig. 8(b)). 
The greater number of fine equiaxed grains     
and smaller grain size in the SLM-fabricated 
Si/Al−Mn−Mg−Er−Zr alloy increased the total 
grain boundary surface area within a given volume, 
which toughened the matrix and avoided inter- 
granular cracking [20]. Finally, Si reduced the 
solidification temperature and an Al−Mg2Si eutectic 
was formed in the Si/Al−Mn−Mg−Er−Zr alloy. The 
lower solidification temperature and better fluidity 
of the melt may have backfilled cracks during the 
final stage of solidification, which also reduced the 
crack sensitivity of the alloy [17−19,26]. Overall, 
the absence of balling and keyholes, the refined 
grain size, the lower solidification temperature, and 
the improved fluidity of the melt all contributed   
to the good processability of the SLM-fabricated 

Si/Al−Mn−Mg−Er−Zr alloy. 
 
4.2 Effect of Si on mechanical properties 

It was shown that Si alloying remarkably 
increased the strength of the alloy. The YS 
increased from (327±5) MPa for the Al−Mn−Mg− 
Er−Zr alloy to (371±7) MPa for the Si/Al−Mn− 
Mg−Er−Zr alloy. Compared with the SLM- 
fabricated Al−Mn−Mg−Er−Zr alloy, the grain size 
of the SLM-fabricated Si/Al−Mn−Mg−Er−Zr alloy 
was finer (Fig. 8). It has long been established that 
the strength of polycrystalline metals can be greatly 
enhanced by tailoring grain structures down to the 
sub-micron or even nanometer scale following   
the classic Hall−Petch relationship [38]. The 
strengthening effect arises from substantially 
hindered dislocation motion by the introduction   
of a high density of grain boundaries [4]. The 
precipitation of the Mg2Si phase also helped 
increase the strength of the alloy following Orowan 
dislocation looping in the SLM-fabricated Si/Al− 
Mn−Mg−Er−Zr alloy. However, the formation of an 
Al−Mg2Si eutectic microstructure deteriorated the 
ductility of the alloy due to the brittle nature of the 
large Mg2Si phase [5,39,40]. 
 
5 Conclusions 
 

(1) Alloying with Si element eliminated 
balling and reduced the surface roughness of the 
alloy, thus avoiding the generation of keyholes in 
the SLM-fabricated Si/Al−Mn−Mg−Er−Zr alloy. 
The introduction of Si also refined the grain size, 
reduced the solidification temperature, and an 
Al−Mg2Si eutectic structure with a low melting 
point was formed. These factors reduced the crack 
sensitivity and greatly increased the processability 
of the alloy. 

(2) The relative density of all SLM-fabricated 
Si/Al−Mn−Mg−Er−Zr alloys exceeded 99.2%, 
which was much higher than that of the Si-free 
alloy (<99%). The sample fabricated at a laser 
power of 250 W and scanning speed of 1000 mm/s 
exhibited a maximum relative density of 99.6%, 
showing good processability. 

(3) Compared with the SLM-fabricated 
Al−Mn−Mg−Er−Zr alloy, the SLM-fabricated 
Si/Al−Mn−Mg−Er−Zr alloy had a higher strength 
due to fine-grain strengthening and precipitation 
strengthening. 
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摘  要：为了提升激光选区熔化(SLM)成形 Al−Mn−Mg−Er−Zr 合金的成形性和工艺窗口，应用 SLM 技术制备 Si

改性的 Al−Mn−Mg−Er−Zr 合金，系统研究 Si 合金化对合金表面质量、成形性、显微组织和力学性能的影响。结

果表明，Si 的合金化能有效抑制合金的表面球化现象及未熔合孔的产生，细化合金的晶粒尺寸，降低合金的凝固

温度，并形成 Al−Mg2Si 低熔点共晶组织，从而有效抑制合金成形过程中热裂纹的产生，提升合金的成形性和工

艺窗口。SLM 成形 Si/Al−Mg−Mn−Er−Zr 合金的最大相对密度为 99.6%。该 SLM 成形合金的屈服和抗拉强度分别

为(371±7) MPa 和(518±6) MPa，高于目前报道的 SLM 成形 Al−Mg−Mn−Er−Zr 及其他 SLM 成形非 Sc 改性 Al−Mg

基合金。 

关键词：激光选区熔化；Al−Mn−Mg−Er−Zr−Si 合金；表面粗糙度；成形性；力学性能 
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