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Abstract: In this work, the microstructural evolution and mechanical properties of a novel 

Al-5.3 wt.% Mg-3.3 wt.% Si alloy fabricated by laser powder bed fusion (LPBF) were 

investigated systematically. The results confirmed the formation of hierarchical 

microstructures, featured by the fine α-Al matrix that contains the interaction between the 

nanosized Mg2Si eutectic and the high-density dislocations in the as-LPBFed crack-free Al-

5.3 wt.% Mg-3.3wt.% Si alloy. The alloy delivers the yield strength of 374 MPa and the 

elongation of 5.8 % Under as-LPBFed condition. The yield strength is further enhanced to 

432 MPa under as-aged condition processed at 180 °C for 6 h. The property enhancement is 

closely linked to the precipitation of β′′ and β phases. However, the broken and coarsened 

Mg2Si eutectics and the reduction of dislocation density result in strength degradation after 

ageing exceeds 300 °C. 
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1 Introduction 

Additive manufacturing (AM) technology has attracted significant interest for its ability to 

rapidly fabricate geometrically complex components with the high design freedom [1-3]. 

Currently, laser powder bed fusion (LPBF), one of the most popular AM technologies, has a 

huge potential for the applications in aerospace, automobile and biology [4, 5]. However, LPBF 

of aluminium (Al) alloys faces a series of significant challenges, such as low laser energy 

absorption, high thermal conductivity and oxidation during processing [6-8]. The proven Al 

alloys for LPBF are mainly limited to the near eutectic cast Al-Si alloys (e.g. Al12Si, 

AlSi10Mg, AlSi7Mg) [5, 9-12], which can offer the ultimate tensile strength (UTS) at a level of 

400 MPa and the ductility at a level of 4%. Moreover, severe cracking in the LPBFed 2xxx 

(Al-Cu), 6xxx (Al-Mg-Si) and 7xxx (Al-Zn-Mg-Cu) wrought alloys have limited their 

industrial applications[13, 14]. Although previous studies have suggested that optimized process 

parameters can increase the relative density, the cracking was still hard to be solved 

satisfactorily [15, 16]. 

Currently, the introduction of grain refiner to as-LPBFed Al alloys is an effective strategy to 

reduce cracking susceptibility and improve processability. It is reported that the Sc/Zr 

addition in as-LPBFed Al-8.0Mg-1.3Si alloy exhibited a low hot cracking susceptibility and 

superior mechanical properties (UTS of 497 MPa and El of 11%) [17]. Similarly, the addition 

of nano-sized ceramic particles into Al-Mg-Si alloy, such as TiC [18], and/or Zr2O
[19], 

promoted the columnar to equiaxial transition and increased the nucleation sites of α-Al 

grains. However, the additions of extra Sc/Zr and particle-modified powders normally have 

no advantages in terms of cost control and large-scale industrial applications. Recently, a few 

studies indicated that the tailored Mg and Si contents can offer huge potential for eliminating 

the hot tearing in the as-LPBFed Al-Mg-Si alloys. For example, the granular Mg2Si and rod-

shaped Si particles in crack-free Al-Mg-Si alloy with 4.4 wt.% Mg and 3.1 wt.% Si delivered 

the high UTS of 460 MPa and elongation of 3.2 % under as-LPBFed condition [20]. 

Additionally, a newly designed Al-9.6 wt.% Mg-4.9 wt.% Si alloy can achieve the UTS of 

557 MPa and elongation of 2.9 % [21].  

Also, the heat treatment is an effective method to alter the mechanical properties of the as-

LPBFed Al alloys via tuning cellular structures and/or promoting the formation of 

precipitates [22-25]. Normally, the conventional T6 treatment with a relatively short solution 

time was applied to remediate the brittleness of as-LPBFed Al-Si and Al-Mg-Si based alloys. 

For example, the AlSi10Mg alloys with solution treatment at 550 °C for 2 h can decrease the 

UTS from 434 MPa to 168 MPa, while the elongation increases from 5.3% to 23.7% [23]. In 
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comparison, the direct ageing treatment serves as a novel and promising method to achieve a 

trade-off between strength and ductility via maintaining the cellular structure and promoting 

the formation of precipitation phase. It is worth noting that the precipitation of fine Si 

particles during ageing process in the AlSi10Mg alloy promotes strength enhancement [24]. 

Similarly, the precipitation of β′′ nanoparticles within α-Al cells induced from ageing was 

attributed to the strength enhancement in the as-LPBFed AlSi8.1Mg1.4 alloy [25]. For the 

widely-studied as-LPBFed Al-Mg-Si-Sc-Zr alloy with ageing treatment at 300 ~ 400 °C, the 

formation of Al3(Sc, Zr) nanoprecipitates can improve strength effectively [17]. However, the 

studies about the ageing treatment of printable Al-Mg-Si alloy without the addition of extra 

Sc/Zr and particle-modified was have not yet been reported, and it is important to design a 

novel strength-ductility synergy of as-LPBFed Al-Mg-Si alloy and understand the effects of 

ageing treatment on the microstructural evolution and mechanical properties thoroughly. 

Currently, the challenges of as-LPBFed Al alloy focus on their processability, strength and 

cost. On the basis of abandoning the addition of Sc/Zr and nanoparticle modification, this 

work is devoted to compositional regulation based on the Al6061 alloy system with high 

crack susceptibility. Therefore, the processability, microstructure and mechanical properties 

of a novel Al-5.3 wt.% Mg-3.3 wt.% Si processed via LPBF were investigated systematically. 

Meanwhile, the characterization of the microstructural evolution and mechanical properties 

are evaluated under ageing treatment. Discussion focuses on the fundamentals for lowering 

hot-cracking susceptibility, microstructural evolution and the contribution of strengthening 

mechanisms. 

2. Experimental 

2.1 Powder and materials fabrication 

Al-5.3Mg-3.3Si pre-alloyed powders were prepared by gas atomization. The chemical 

compositions of the alloyed powders and as-LPBFed sample shown in Table 1 were 

measured using inductively coupled plasma atomic emission spectrometry (ICAP 7000 Series, 

Waltham, USA). Fig. 1 shows the powder morphology, particle size distribution and 

elemental distribution mapping. The size distribution of spherical particles was measured as 

9.5 ~ 73.6 μm with the mean size of 29.7 μm. Meanwhile, the EDS mapping confirmed that 

there was no obvious elemental segregation in the Al-5.3Mg-3.3Si powders. 

The LPBF with an IPG Fiber Laser was applied to fabricate Al-5.3Mg-3.3Si samples for 

microstructural characterization and mechanical property testing. The laser scanning was 

rotated 67° layer-by-layer, as shown in Fig. 2a. The processing parameters included the laser 

powder (P) of 270, 290, 310, 330, 350, 370 W, the scan speed (v) of 600, 800, 1000, 1200, 
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1400 mm/s, the hatch spacing (h) of 0.1 mm, layer thickness (t) of 0.03 mm. The samples 

were built on a substrate plate of AlSi10Mg alloy. The size of cubic samples and cuboid 

samples were 10 mm × 10 mm × 10 mm and 60 mm × 10 mm ×10 mm, respectively. The 

relative density of samples was measured by the Archimedes method. The dog-bone-shaped 

sample for the test with a spacing length of 20 mm and a cross-section of 4 × 2 mm2 is 

schematically shown in Fig. 2d. The ageing treatment was performed at 160 ºC, 180 ºC, 200 

ºC, 250 ºC and 300 ºC for 1 ~ 8 h followed by air cooling. 

Table 1. Chemical compositions of the Al-5.3Mg-3.3Si powders and as-LPBFed sample measured by ICP-

AES (wt.%). 

Alloy Mg Si Mn Fe Others Al 

Powder 5.34 3.27 0.68 0.22 <0.08 Bal. 

LPBFed sample 5.22 3.25 0.64 0.21 <0.08 Bal. 

 

Fig. 1. Characterization of Al-5.3Mg-3.3Si powder: (a) Powder particle morphology; (b) Particle size 

distribution of the atomized powder; (c-e) EDS mapping for elemental distribution. 
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Fig. 2. (a) Schematic of the scanning strategy during LPBF process; (b) the cubic samples; (c) the cuboid 

samples; and (d) the dimension of dog-bone-shaped tensile samples. 

2.2 Microstructural characterization 

The defects of samples under different conditions were characterized via Leica DM4000M 

optical microscope (OM). Microstructures were observed using a scanning electron 

microscope (SEM, Quanta 250 FEG), and samples were etched with Keller’s solution before 

SEM observation. The grain size and grain orientation were characterized using an electron 

backscattered diffraction (EBSD, Helios NaboLab G3 UC). Furthermore, the detailed 

microstructure analysis was conducted using a transmission electron microscope (TEM, Talos 

F200X). TEM samples were prepared by a precision ion polishing system (PIPS, Gatan691) 

at a voltage of 5 kV and an incident angle of 3 ~ 8°. The phase constituent of samples was 

identified using X-ray diffraction with Cu Kα radiation (XRD, Rigaku X-2000). Additionally, 

the dislocation density was estimated from the XRD results through the Williamson-Hall 

method[26], which describes that the broadening of the diffraction peak (β) incorporates two 

parts, namely, the crystallite size broadening (βG) and the strain broadening (βs). Based on the 

assumption of a Cauchy-type function, β is calculated as[27]: 

β=β
G

+β
S
     (1) 

β
G

=Kλ∕(D×cosθ)    (2) 

β
S
=4ε×tanθ     (3) 

where K is a constant (0.9), λ is the wavelength of Cu-Kα radiation (0.15405 nm), D is the 

crystallite size, ε is the micro strain, θ and is the Bragg angle of the specific diffraction 

peak[26]. Therefore, equation (4) is shown below: 

β×cosθ= Kλ∕D+(4sinθ)×ε  (4) 
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According to Eq. (5), ε can be evaluated from the slope of the linear fit of the βcosθ-4sinθ 

data. b is the Burgers vector (0.286 nm[26]). The dislocation density (ρ) can be obtained by the 

following equation: 

ρ=2√3ε/(Db)     (5) 

2.3 Mechanical properties testing 

The micro-hardness was tested by a micro-Vickers hardness instrument (ASTME 384-08) 

with 200 g load for 15 s, and the average value was taken from at least 10 points of each 

sample. The dog-bone-shaped tensile samples were cut by electrical discharge machining 

(EDM) from the as-LPBFed samples. Uniaxial tensile tests were performed using a testing 

system (MTS, Alliance RT30) with an engineering strain rate of 1 × 10-3 s-1 at room 

temperature (RT). The tensile data were the average of three measurements. 

3. Results 

3.1 Densification behaviour 

Fig. 3 shows the densification behaviours of as-LBPFed Al-5.3Mg-3.3Si samples obtained at 

different volumetric energy densities (VEDs). The relative density increased with increasing 

the VED, and the porosity fraction shows an opposite trend. The relative density remained 

above 99.5% and the porosity fraction remained at ~ 0.5% with the increase of VED to 129.1 

J/mm3. Particularly, the relative density can achieve 99.6% under the condition of 103.3 

J/mm3. However, the relative density decreased from 99.5% to 98.1% with the increase of 

VED from 129.1 to 205.5 J/mm3. Meanwhile, the characteristics of defects are shown in Fig. 

3c. It can be seen that insufficient VEDs led to the formation of a few of un-melted powders. 

With the increase of VED, the liquid metal mobility and wettability were improved obviously. 

In these conditions, only a trace of gas pores was detected in the samples. When the VED was 

further increased, the molten metal is too late to fill the pores, the formation of keyhole led to 

the poor relative density.  
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Fig. 3. Densification behaviours of as-LBPFed Al-5.3Mg-3.3Si samples obtained at different VEDs: (a) 

The relative density and (b) The porosity fraction; (c) Optical micrographs showing the distribution and 

morphology of defects. 

3.3 Microstructural characterization  

Fig. 4 shows the microstructure of as-LPBFed Al-5.3Mg-3.3Si samples. In the horizontal 

section, some continuous laser tracks were formed with 67° rotating scanning (Fig. 4a). In 

Fig. 4b, the melt pool (MP) was composed of the heat affected zone (HAZ), MP coarse zone 

and MP fine zone. The HAZ was regarded as the transition zone between the MP fine zone 

and MP coarse zone. The eutectic cellular structures with the average size of 0.39 μm were 

featured by α-Al phases and eutectic Mg2Si particles (Fig. 4c). The grain size and texture of 

as-LBPFed Al-5.3Mg-3.3Si alloy were further analysed via EBSD. The inverse pole figure 

(IPF) map in Fig. 4d was characterized by numerous equiaxed grains, and the average grain 

size was 12.1 μm (Fig. 4e). Meanwhile, the pole figures colour demonstrates of the alloy 

showed a strong {001} texture. 
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Fig. 4. The microstructure of the as-LBPFed Al-5.3Mg-3.3Si alloy; (a, b) characteristic of melt pool 

structure; (c) cellular structure; (d) inversed pole figure (IPF) maps; (e) grain size distribution; and (f) the 

{001} pole figures. 

TEM images along the [011] zones axis showed the detailed microstructure of as-LPBFed Al-

5.3Mg-3.3Si alloy further, as shown in Fig. 5. Similar to SEM result in Fig. 4c, a large 

number of cellular structures were uniformly distributed in Fig. 5a. High angle annular dark 

field-scanning TEM image (HAADF-STEM, Fig. 5d) and the detailed element distribution 

(Figs. 5d1-d5) indicated that Mg and Si mainly distributed at the boundaries of cellular 

structures, confirming the formation of divorced Al/Mg2Si eutectics. Meanwhile, it is noticed 

that Fe and Mn were segregated together with Mg2Si particles, and the Fe/Mn-rich phase 

consisted of Al, Fe, Mn and Si. Also, the interaction between dislocations and distinct eutectic 

network that contains nano-sized Mg2Si particles are illustrated in Figs. 5b-c. 
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Fig. 5 TEM micrographs showing the microstructure of as-LPBFed Al-5.3Mg-3.3Si alloy, (a) BF-TEM 

images of the typical cellular structure, (b) nano-sized Mg2Si particles, (c) high-density dislocation with 

the cellular structure, (d) HAADF-STEM image showing the cellular structure, and corresponding 

mapping of main elements of Al, Mg, Si, Fe, Mn. 

To further investigate the orientation relationship (OR) between α-Al matrix, Mg2Si and 

Fe/Mn enriched particles, high-resolution TEM (HR-TEM) and fast Fourier transform (FFT) 

images are shown in Fig. 6. The interface characteristics between α-Al matrix and Mg2Si 

phase are shown in Figs. 6a-b. The Al/Mg2Si showed a coherent orientation relationship (OR) 

with (200)α-Al//( 1̅11̅)Mg2Si, [001]α-Al//[1̅12]Mg2Si, and the interplanar spacing of Mg2Si was 

0.363 nm for (1̅11̅) (Fig. 6c). Meanwhile, the Fe/Mn-enriched phase was determined as α-

AlFeMnSi, clarified by the HR-TEM and FFT images (Figs. 6d-e). The OR between α-Al 

and α-AlFeMnSi particles could be described as (1̅11̅)α-Al//(022̅)α-AlFeMnSi, (2̅00)α-Al//(422̅)α-

AlFeMnSi, and [011]α-Al//[1̅22]α-AlFeMnSi. The interplanar spacing of α-AlFeMnSi particle was 

0.915 nm for (022̅) (Figs. 6f). Also, the β′′ phase with 5 ~ 10 nm was found within the 

cellular structure in Fig. 6g, which was consistent with previous literature [25].  



10 

 

 

Fig. 6. (a) HR-TEM image of the α-Al and Mg2Si phase, taken along the [001]0 zone axis, (b) FFT image 

of the marked area in (a); (c) the interplanar spacing of Mg2Si and high-density dislocations (marked by 

“T”); (d) HR-TEM image of the α-Al and α-AlFeMnSi, taken along the [011] zone axis; ; (e) FFT image of 

the marked area in (d); (f) the interplanar spacing of α-AlFeMnSi and high-density dislocations; (g) the β′′ 

phase in the cellular structure and (h, i) corresponding SAED patterns. 

3.2 Effect of direct ageing on the microstructural evolution  

The microstructural characteristics of Al-5.3Mg-3.3Si alloy without and with direct ageing 

are shown in Fig. 7. It is worth noting that the cellular structure remained good stability under 

the conditions of ageing at 160 °C and 180 °C, almost identical to the typical microstructure 

of the as-LPBFed sample (Figs. 7a-c). Based on the statistical results, the average size of 

cellular structure was increased from 0.39 μm to 0.56 μm after ageing at 180 °C for 6 h. After 

ageing at 200 °C for 3 h, the enlarged cellular structure was partially dissolved and the 

precipitation of Mg2Si particles was detected inside the cellular structures (Fig. 7d). As the 

ageing temperature increases to 250 °C further, the cellular structure was completely 

dissolved and the coarsened Mg2Si particles was homogeneously distributed in the α-Al 

matrix. Specifically, the size Mg2Si particles reached to ~350 nm after ageing at 300 °C for 3 
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h (Fig. 7f). Furthermore, the grain morphologies of α-Al grains and grain size distribution in 

as-aged samples are shown in Fig. 8. It can be seen that the α-Al grains of the as-aged 

samples has not changed significantly in comparison to the as-LPBFed samples. The average 

grain size of α-Al grains was 11.9 μm and 12.7 μm after as-aged at 180 °C and 300 °C, 

respectively. 

 
Fig. 7. SEM images of Al-5.3Mg-3.3Si alloy under different conditions: (a) as-LPBFed, (b) aged at 160 ºC 

for 6 h, (c) aged at 180 ºC for 6 h, (d) aged at 200 ºC for 3 h, (e) aged at 250 ºC for 3 h and (f) aged at 300 

ºC for 3 h. 

 

Fig. 8. The EBSD-IPF maps and grain size distribution: (a, b) as-aged at 180 °C; (c, d) as-aged at 300 °C. 
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TEM analysis was applied to further investigate the detailed microstructure of the as-aged 

sample (180 °C for 6 h), and the results are shown in Fig. 9. Similar to the result of SEM, the 

remained cellular structure could be detected in Fig. 9a. Meanwhile, the interactions between 

dislocation and β′′/β phase were observed in Fig. 9b. The β′′ phase was the main precipitate 

in the Al-Mg-Si alloy under peak ageing condition, which presented the C-centred 

monoclinic structure with a = 1.506 nm, c = 0.671 nm[28]. As shown in Fig. 6g, a trace of β′′ 

phase has already been found in as-LPBFed sample, and the size of β′′ precipitates was 

further increased to 10~30 nm after ageing treatment (Fig. 9b&c). The OR between α-Al and 

β′′ phase particles could be described as (020)α-Al//(020)β′′, (200)α-Al//(106̅)β′′, as verified in the 

FFT pattern of Fig. 9d. Meanwhile, HR-TEM image and FFT pattern in Fig. 9e and 9f 

indicated that the formation of β phase, and the reflections of [001]α-Al and [001]β could be 

found and marked in these spots (Fig. 9f), which is in accordance with the results of literature 

[29]. The formation of β phase was found as a result of transformation of β′′ phase during 

ageing. 

 

Fig. 9. Detailed TEM images showing the microstructure of the direct aged sample at 180 °C for 6 h; (a) 

BF-TEM image showing the cellular structure; (b) BF-TEM image the β′′and β phase with dislocation; (c, 

d) HRTEM images of the β′′ phase, corresponding FFT image; (e, f) the β phase and corresponding FFT 

image. 

Fig. 10 shows the XRD spectra of the Al-5.3Mg-3.3Si alloy without and with direct ageing. It 

is seen that α-Al and Mg2Si phases were clearly visible in all samples. The (111)Al of lattice 

spacing of as-LPBFed and as-aged sample treated at 180 °C and 300 °C were calculated by 
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Bragg’s law. The results indicated that the lattice spacing in three states are 2.489 nm, 2.476 

nm and 2.479 nm, in counterpart with pure Al (2.338 nm). Due to the rapid solidification of 

LPBF processing, the supersaturated solid solution of Mg and Si tend to form in α-Al matrix, 

as shown in Table.2. Correspondingly, the lattice spacing of the sample in the as-LPBFed 

sample is larger than that of pure Al. Moreover, β′′/β phase and coarse Mg2Si start to 

precipitate from the supersaturated matrix during aging (Fig. 7&9), which induces a decrease 

in the lattice spacing of α-Al matrix. According to Bragg’s law, the decrease of d leads to the 

increase of 2θ, which led to the shift of (111) peak to the high angle. Based on equation (1-5), 

the high dislocation densities (7.1 × 1014 m-2) were formed in the as-LPBFed sample, then 

decreased slightly when the sample aged at 180 °C for 6 h (6.2 × 1014 m-2). With the increase 

of ageing temperature to 300 °C for 3 h, the dislocation density reduced to 4.2 × 1014 m-2. 

 

Fig. 10. XRD spectra of as-LPBFed Al-5.3Mg-3.3Si alloy under different direct ageing conditions of 

180 °C/6 h and 300 °C/3 h; (b) details near the (111) peak in (a); (c) the βcosθ-4sinθ plots and the 

corresponding linear fits. 

Table. 2 The content of Al, Mg and Si in the α-Al matrix for the as-LPBFed and as-aged samples measured 

by semi-quantitative STEM-EDS (wt.%). 

 

Alloy Mg Si Al 

as-LPBFed 2.2 1.9 Bal. 

as-aged at 180 °C 0.8 0.6 Bal. 

 

3.4 Mechanical properties 

Fig. 11a shows the Vickers hardness of as-LPBFed Al-5.3Mg-3.3Si alloy under different 

ageing conditions. The microhardness of as-LPBFed samples was 170.8 Hv. After ageing at 

160 °C and 180 °C, the hardness increased with prolonged ageing to reach the peaks at 177.8 

Hv and 179.2 Hv for 6 h, and then decreased with further prolonged ageing. However, the 
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hardness of samples aged at high temperatures, including 200 °C, 250 °C and 300 °C, 

decreased continuously with prolonged ageing. Meanwhile, the stress-strain curves of the 

samples are shown in Fig. 11b, and the corresponding data for YS, UTS and El are 

summarized in Table 3. The YS, UTS and El of the as-LPBFed alloy were 374 MPa, 452 

MPa and 5.8 %, respectively. After ageing at optimal condition of 180 ºC for 6 h, the YS and 

UTS increased to 433 MPa and 487 MPa while the El decreased to 2.6%. The as-LPBFed Al-

5.3Mg-3.3Si alloy exhibited a significant improvement in mechanical properties after ageing 

200 °C for 3 h, in which the UTS and El are 416 MPa and 6.9%, respectively. After ageing at 

300 °C for 3 h, the elongation increased significantly to 16.0 %.  

 

Fig. 11 (a) the Vickers hardness and (b) the tensile stress-strain curves of as-LPBFed Al-5.3Mg-3.3Si alloy 

without and with ageing treatments. 

Table. 3 Mechanical properties of the as-LPBFed Al-5.3Mg-3.3Si alloys under different direct ageing 

conditions 

Condition Hardness (Hv) YS (MPa) UTS (MPa) El (%) 

as-LPBFed 170.8 ± 1.9 374 ± 6 452 ± 6 5.8 ± 0.4 

Aged at 160 °C/6h 177.8 ± 2.7 428 ± 8 483 ± 9 1.8 ± 0.1 

Aged at 180 °C/6h 179.2 ± 3.6 433 ± 6 487 ± 10 2.6 ± 0.2 

Aged at 200 °C/1h 174.6 ± 2.2 401 ± 6 461 ± 10 2.7 ± 0.1 

Aged at 200 °C/3h 154.5 ± 3.5 338 ± 5 416 ± 7 6.9 ± 0.3 

Aged at 250 °C/3h 95.4 ± 2.4 173 ± 3 285 ± 5 10.7 ± 0.6 

Aged at 300 °C/1h 80.2 ± 1.6 146 ± 2 242 ± 7 11.7 ± 0.5 

Aged at 300 °C/3h 74.6 ± 1.7 140 ± 2 221 ± 3 16.0 ± 0.9 

Fig. 12 shows the typical fracture morphology of as-LBPFed Al-5.3Mg-3.3Si alloy. In Figs. 

12b-c, the fracture of the as-LBPFed sample was mainly composed of tearing ridges and 

dimples. The poor elongation of as-LPBFed sample aged at 180 °C for 6 h was mainly related 

to a brittle-plastic mixed fracture mode that contained shorter and shallower dimples, while 
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the superior elongation of as-LPBFed sample aged at 300 °C for 3 h was mainly relevant with 

the ductile fracture mode that contained deep and large equiaxed dimples. 

 

Fig. 12. SEM micrographs showing the fracture morphology of the as-LBPFed Al-5.3Mg-3.3Si alloy: (a-c) 

as-LPBFed state; (d-f) aged at 180 ºC for 6 h; (g-j) aged at 300 ºC for 3 h 

4 Discussion 

4.1 The processability of Al-5.3Mg-3.3Si alloy 

Based on the cost 507 thermodynamic database, the vertical cross-section along the Al-5Mg-

xSi was calculated. From Fig. 13a, Si promotes the formation of Mg2Si, and eutectic Si phase 

starts to appear when the Si content exceeds 3.34 wt.%. The solidification sequence is: L → 

α-Al, L → (α-Al + Mg2Si), L → (α-Al + Mg2Si + Si). Mg2Si and Si phases form when the 

temperature is below 585.3 °C and 554.3 °C, respectively. Generally, the most additively 

manufactured Al alloys exhibit hot cracking because of the rapid cooling rate and large 

temperature gradient during LPBF process[30, 31]. The index of |dT/d(fs)1/2| proposed by Kou 

can be used as a criterion for the cracks susceptibility. The index is closely linked to the 

steepness of the solidification curve under the condition of (fs)1/2 = 1. Therefore, the crack 

susceptibility of the alloy can be calculated from the solidification curve. In this work, the 

Scheil-Gulliver solidification curves of Al-5.3Mg-3.3Si and other widely-researched Al 
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alloys, including Al2024, Al6061 and Al7075 alloys were plotted in Fig. 13b. The narrow 

solidification range (64.8 °C) demonstrates that the Al-5.3Mg-3.3Si alloy tend to have a low 

crack susceptibility, which is consistent with the results of SEM and EBSD (Fig. 5). 

Additionally, combing the above experiment and calculation results, the low hot cracking 

susceptibility of the as-LPBF Al-5.3Mg-3.3Si alloy is also related to the formation of eutectic 

cellular structure, which improves liquid filling rate and resists cracking during LPBF process. 

A similar situation can be found in as-LPBFed Al-Si alloys [32]. 

 

Fig. 13. (a) Vertical cross-section of Al-5Mg-xSi alloy; (b) the comparison of the solidification range 

between Al-5.3Mg-3.3Si and other widely-researched Al alloy, including Al2204, Al6061 and Al7075.  

4.2 Microstructural evolution 

The schematic of the microstructure evolution of as-LPBFed and as-aged Al-5.3Mg-3.3Si 

alloy is illustrated in Fig. 14. Under the as-LPBFed condition, the microstructures mainly 

consist of the interaction between Al/Mg2Si eutectic cellular structure a high number density 

dislocation, which is closely related with the high strain induced via high cooling rates 

(105~106 K/s) and the thermal contraction stresses during LPBFed process [30, 33, 34]. After 

ageing at 180 °C for 6 h, the microstructural characteristics include that the interaction 

between the formation of Mg2Si particles and the remained Al/Mg2Si eutectic cellular 

structure with large size (~0.56 μm). In general, the basic precipitation sequence of Al-Mg-Si 

alloy is: SSS (supersaturated solid solution) → solute clusters → GPB zones → β′′(Mg5Si6 or 

Mg5Al2Si4) → β′(Al3Mg9Si7) → β [35]. TEM-EDS results in Table 2 indicated that the 

concentration of Mg and Si reduced from ~ 2.2 wt.% and ~ 1.9 wt.% at LPBF state to ~ 0.8 

wt.% and ~ 0.6 wt.% at the condition of ageing 180 °C for 3 h, which led to the precipitation 

of nano-sized β′′ precipitate (Fig. 9c, d). Moreover, the β′′ precipitates were further 

transformed to β phase with increasing ageing time (Fig. 9e, f). When the ageing temperature 

exceeds 300 °C, the feature of Al/Mg2Si eutectic cellular structure are completely broken and 
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transformed into coarse Mg2Si particles (~ 350 nm) in Fig. 14c, which similar to as-LPBFed 

Al-Si alloy[5]. 

 

Fig. 14 Schematic of microstructural evolution of as-LPBFed and as-aged Al-5.3Mg-3.3Si alloy: (a) as-

LPBFed; (b) 180 °C; (c) 300 °C 

4.3 Strengthening mechanisms 

To understand the variation of strength for the as-LPBFed and as-aged Al-5.3Mg-3.3Si alloys, 

it is essential to clarify the contributions of different strengthening mechanisms, which is 

closely related to evolution of grain size, content of solid solution, dislocation density and 

precipitation phases. Consequently, the main strengthening mechanisms involve the 

combination of grain boundary strengthening (σg), solid solution strengthening (σss) 

dislocation strengthening (σdis) and precipitation strengthening (σp), in addition to its lattice 

friction strength σ0. For simplicity, the contribution of main mechanisms responsible for 

strengthening can be expressed as: 

σy =σ0 + σg + σcb + σdis +σp (6) 

where σ0 is a constant (10 MPa for Al alloy[36]) 

(1) Grain boundary strengthening 

The high cooling rate limits the growth of grains during solidification. The average grain size 

of the as-LPBFed and as-aged samples at 180 °C and 300 °C were 12.1 μm, 11.9 μm and 12.7 

μm, respectively. The strengthening contribution of grain boundary strengthening can be 

estimated via the Hall-Petch relationship as follow: 

σg=K×d
 -1/2

      (7) 

where K is the Hall-Petch constant, which is determined to be 0.04 MPa m1/2 from previous 
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literatures[37]. d is the average sizes of α-Al grain. The σg of the as-LPBFed and as-aged 

sample treated at 180 ºC are 12 MPa, 12 MPa and 11 MPa. 

(2) Solid solution strengthening 

The supersaturated solid solution of Mg and Si can be acquired during the rapid solidification 

of LPBF processing. The contribution of solid solution strengthening can be calculated as 

follow: 

σss=kMgCMg
m

+kSiCSi
m

     (8) 

Where kMg and kSi and M are 17 MPa/wt.%, 11 MPa/wt.% and 1[38], respectively. CMg and CSi 

are the concentration of solution Mg and Si. Based on the STEM-EDS results in Table 2, the 

σcc of the as-LPBFed and as-aged sample treated at 180 ºC are 58 MPa and 20 MPa. 

(3) Dislocation strengthening 

The dislocation strengthening can be evaluated via the Bailey-Hirsch relation[39] 

σdis = M∙α∙G∙b∙ρ0.5     (9) 

where M is the Taylor factor (3.06 for FCC crystal structure of Al[20]), α is a material constant 

(0.2[40]), G is the shear modulus (26 GPa[41]), b is the Burgers vector (0.286 nm[26]), and ρ is 

the dislocation density. The ρ values of as-LPBFed and as-aged samples at 180 °C and 300 °C 

are 7.1×1014 m-2, 6.2×1014 m-2 and 4.2×1014 m-2. The strength contribution from dislocation 

strengthening to strength enhancement is evaluated as 121 MPa, 113 MPa and 93 MPa, 

respectively. 

(4) Precipitation strengthening 

A large number density of nano-sized particles detected in the as-LPBFed and as-aged Al-

5.3Mg-3.3Si alloy have a coherent orientation relationship with α-Al, which makes a strong 

contribution to the Orowan strengthening (Fig. 5a&Fig. 9a). The formation of β′′and β 

nanoparticles was closely related to the strength enhancement after direct ageing. The 

increment of yield strength by precipitation strengthening can be calculated through the 

Orowan by pass mechanism[42, 43]: 

σp=
0.4MGb

π(1-v)
1
2

×
ln(d/b)

λ
     (10) 

λ=
1

2
d√3π/2f

v
     (11) 
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where v is the Poisson’s ratio (0.33), d is the average diameter of the precipitates, λ is the 

spacing between the precipitates in the glide surface, which is associated with the diameter d 

and volume fraction fv of the precipitates. According to the TEM and SEM results, the 

average diameter of Mg2Si particles in as-LPBFed and as-aged samples treated at 180 °C and 

300 °C are 27.4 nm, 58.8 nm and 177.5 nm. The fv values are 9.5 %, 10.7 % and 12.5 %. The 

precipitation strengthening for the Mg2Si particles was calculated as 161 MPa, 98 MPa and 

41 MPa, respectively. Since the shape and size of β′′ and β particles are similar, the d and fv 

are measured together. The d and fv of β′′/β particles are 11.2 nm, and 2.1 % in as-aged 

samples at 180 °C, respectively. The precipitation strengthening for the β′′/β particles was 

calculated as 155 MPa. 

The multiple strengthening mechanisms can be calculated using equation (6). Fig. 15 shows a 

comparison of contributions to yield strength between calculation and experimental 

measurement. According to the calculation, the yield strength of the as-SLMed alloy is 361 

MPa, which is very close to the data obtained from experimental data (374 MPa). The 

solution Mg and Si, the nano-size Mg2Si particles and a high number density of dislocations 

are the main contributors of the high strength. The precipitation of β′′and β phase is the main 

reason for the strength enhancement after ageing at 180 °C for 6 h (~ 433 MPa). When the 

ageing temperature reach up to 300 °C, the softening reason can be attributed to the following 

aspects: (i) the absent of solid solution strengthening induced the precipitation of Mg and Si 

elements; (ii) the coarse Mg2Si particles (~350 nm) leads to poor precipitation strengthening 

effect; (iii) the reduction of dislocation density weakens the effect of dislocation 

strengthening significantly. 

 
Fig. 15. A comparison of contributions to yield strength of Al-5.3Mg-3.3Si alloy between the calculation 

and the experimental measurement. 

Fig. 16 shows a comparison between mechanical performance of as-LPBFed and as-aged 

alloys and other reported Al alloys, including casting Al-Mg-Si [44, 45], as-LPBFed and heat-
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treated Al-Mg-Si [20-22], Al-Si-Mg [46-52], Al-Cu-Mg[53-56] and Al-Zn-Mg-Cu [57-59] alloys. It can 

be seen that the YS of as-LPBFed and as-aged Al-5.3Mg-3.3Si alloy was higher than those of 

cast Al-Mg-Si and Al-Si-Mg alloy. The Al-5.3Mg-3.3Si alloy also exhibits enhanced 

comprehensive mechanical properties in counterpart with currently studied as-LPBFed Al-

Mg-Si alloys. Specifically, the YS of Al-5.3Mg-3.3Si alloy is comparable to or even higher 

than that of a part of Al-Cu-Mg and Al-Zn-Mg-Cu alloy. This alloy designed in this work 

does not contain Sc/Zr and nanoparticle, which makes it more suitable for various 

applications. 

 

Fig. 16 Comparison of the YS of as-LPBFed alloy and other reported Al alloys, including casting Al-Mg-

Si [44, 45], as-LPBFed and heat-treated Al-Mg-Si [20-22], Al-Si-Mg [46-52], Al-Cu-Mg [53-56] and Al-Zn-Mg-Cu 

[57-59] alloys: (a) as-LPBFed; (b) T6 treatment and direct ageing. 

5. Conclusions 

In this study, the Al-5.3Mg-3.3Si alloy has been designed and fabricated by LPBF 

successfully. The microstructural evolution and mechanical properties of as-LPBFed alloy 

without and with ageing treatment were investigated systematically, and the main conclusions 

are as follows: 

(1) The as-LPBFed Al-5.3Mg-3.3Si alloy with a low solidification range of 64.8 °C exhibits a 

superior processability. The microstructure was composed of the Al/Mg2Si eutectic cellular 

structure with a high number density of dislocations. The UTS, YS and El of as-LPBFed Al-

5.3Mg-3.3Si alloy were 452 MPa, 374 MPa and 5.8%, respectively. The solution Mg and Si, 

the nano-sized Mg2Si particles and the dislocation are the main contributors of the high 

strength. 

(2) After ageing at 180 °C, the features of microstructure include that the Al/Mg2Si eutectic 
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cellular structure remained and the nano-sized β′′ and β precipitate in the α-Al matrix. 

The UTS and YS increased to 487 MPa and 433 MPa. The precipitation of β′′and β phase is 

the main reason for the strength enhancement 

(3) When the ageing temperature exceeded 300 °C, the feature of Al/Mg2Si eutectic cellular 

structure were completely broken and transformed into coarse Mg2Si particles. The strength 

of the alloy was significantly reduced and the elongation increased to 16%. The softening 

mechanism is the coarsening of Mg2Si phases and the reduction of dislocation density. 
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