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Abstract: The microstructures and mechanical properties were systematically studied for the high-strength 
Al−5Mg2Si−1.5Ni alloy fabricated by laser powder bed fusion (L-PBF). It is found that the introduction of Ni (1.5 wt.%) 
into an Al−5Mg2Si alloy can significantly improve the L-PBF processibility and provide remarkable improvement in 
mechanical properties. The solidification range of just 85.5 K and the typical Al−Al3Ni eutectics could be obtained in 
the Ni-modified Al−5Mg2Si samples with a high relative density of 99.8% at the volumetric energy density of 
107.4 J/mm3. Additionally, the refined hierarchical microstructure was mainly characterized by heterogeneous     
α-Al matrix grains (14.6 μm) that contain the interaction between dislocations and Al−Al3Ni eutectics as well as  
Mg2Si particles. Through synergetic effects of grain refinement, dislocation strengthening and precipitation 
strengthening induced by Ni addition, the L-PBFed Al−5Mg2Si−1.5Ni alloy achieved superior mechanical properties, 
which included the yield strength of (425±15) MPa, the ultimate tensile strength of (541±11) MPa and the elongation of 
(6.2±0.2)%. 
Key words: laser powder bed fusion; Al−Mg−Si alloy; microstructural evolution; mechanical properties; strengthening 
mechanism 
                                                                                                             

 
 
1 Introduction 
 

In additive manufacturing (AM), laser powder 
bed fusion (L-PBF) has been proven to be one of 
the most promising technologies that can deliver 
great convenience in manufacturing complex 
structural components [1−3]. L-PBF uses a focused 
laser beam to selectively melt the metallic powder 
of raw material of complex components layer-   
by-layer [4,5]. Therefore, L-PBF process is 
characterized by the rapid solidification with high 
cooling rates (v: 105−106 K/s) and large temperature 
gradients (>105 K/m) in the melt pool zones, which 
promotes the formation of a high non-equilibrium 

microstructure with fine grain size. As a result, the 
mechanical performances tend to be improved 
significantly in comparison with the counterpart 
made by conventional processing methods [6−9]. 

Aluminium (Al) alloys have been widespread 
used in various industrial sectors owing to their 
high specific strength, low production cost and low 
density [10,11]. Currently, L-PBF is extensively 
developing capability in processing Al alloys and Al 
matrix composites to improve the mechanical 
properties [12,13] because their hot tearing and 
easy oxidation are limiting the application of  
L-PBF [14]. The significant challenges in L-PBFed 
conventional high-strength wrought Al alloys,  
such as Al−Cu, Al−Mg and Al−Mg−Si alloys, are the 
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formation of severe hot cracks. These are always 
highly associated with the metallurgical force (e.g., 
the large solidification range and the coarse 
columnar grains in the microstructures [15−17]) 
and the mechanical force (e.g., the high residual 
stress induced by the extreme solidification 
conditions during L-PBF [18]). It is generally 
believed that the increased volume fraction of 
eutectics in L-PBFed Al alloys is an effective way 
to eliminate hot cracks [19−25]. On top of the 
widely-studied Al−Si alloys [19−22], the newly- 
explored near-eutectic Al−Fe [23], Al−Ce [24] and 
Al−Ni [25] alloys showed excellent printability in 
L-PBF because of the narrow solidification range 
and low hot crack tendency. 

It is noted that the Al−Mg−Si alloys can be 
described as Al−Mg2Si pseudo-binary eutectic alloy 
when the mass ratio of Mg to Si is 1.73. It can also 
be regarded as Al−Mg2Si−Si or Al−Mg2Si−Mg 
pseudo-eutectic alloys when the mass ratio of   
Mg to Si is not 1.73. Our previous works have 
demonstrated that the increased Mg2Si content can 
improve the laser absorption rate and the melt 
fluidity of L-PBFed Al−Mg−Si alloys [6,26−29]. 
And the formation of fine cellular structures that are 
composed of α-Al phase and eutectic Mg2Si 
networks shows a positive effect on inhibiting the 
initiation and propagation of cracks. Consequently, 
the mechanical properties are significantly enhanced 
under L-PBFed and as-aged conditions [30]. 
However, the understanding for L-PBFed Al−Mg2Si 
alloys is limited as it is still unknown for       
the solidification behavior and microstructural 
evolution, especially for the cellular structures after 
introducing other eutectic elements for Al alloys, 
and the technical approaches to fabricate cost- 
effective L-PBFed Al−Mg−Si alloys with a superior 
combination of strength and ductility. 

Nickel (Ni) is one of the popular and low-cost 
eutectic elements in Al alloys. Al alloys with Ni 
addition related to a high thermal stability of 
precipitates are always associated with specific 
mechanical performance at room and elevated 
temperatures [31,32]. Therefore, it is expected that 
the addition of Ni to the Al−5Mg2Si alloy can 
further improve the formability of the alloy     
via the eutectic filling of Al3Ni during the terminal 
stage of solidification and the in-situ high-   
density precipitates can contribute to the strength 
enhancement of the alloy through precipitation 

strengthening. To this end, we used an Al−5Mg2Si− 
1.5Ni alloy to understand the microstructures and 
mechanical properties under the L-PBFed condition. 
The solidification sequence and microstructural 
evolution during L-PBF process were investigated 
systematically. The discussion focused on the 
strengthening mechanisms of the L-PBFed Al− 
5Mg2Si−1.5Ni alloy. This work suggests that the 
introduction of Al−Al3Ni eutectics induced via Ni 
addition offers an innovative design for the high- 
strength Al−Mg−Si alloy capable of processing for 
additive manufacturing. 
 
2 Experimental  
 
2.1 Raw materials and sample fabrication 

Gas atomization was used to prepare the 
pre-alloyed Al−5Mg2Si−1.5Ni alloy powder in this 
work. A high purity argon atmosphere (99.9%) was 
used to protect powders from oxidation during 
atomization. The detailed chemical compositions  
of the alloy powder and the L-PBFed sample 
determined by inductively coupled plasma atomic 
emission spectrometry (ICAP 7000 Series) are 
shown in Table 1. A small amount of Mg loss 
occurred during the L-PBF process due to the 
evaporation and oxidation of Mg [33]. The 
morphology, size and elemental distribution of the 
atomized Al−5Mg2Si−1.5Ni alloy powders are 
displayed in Figs. 1(a−c). The pre-alloyed powder 
is featured by spheroidal morphology with tiny 
satellite particles. The volume-weighted percentiles 
of the Al−5Mg2Si−1.5Ni alloy powders detected by 
laser particle size analyzer (Matersizer) were 
D10=9.23 μm, D50=25.1 μm, and D90=60.0 μm. 
Meanwhile, elemental mappings in Figs. 1(b1−b4) 
confirm that Al, Mg, Si and Ni elements are 
homogeneously distributed in the pre-alloyed 
particles. 
 
Table 1 Chemical compositions of Al−Mg−Si−Ni   
alloy powder and L-PBFed Al−Mg−Si−Ni alloy obtained 
by inductively coupled plasma atomic emission 
spectrometry (wt.%) 

Sample Mg Si Ni Fe Mn Al 

Al−Mg−Si−Ni 
powder 5.10 2.10 1.55 0.86 0.51 Bal. 

L-PBFed  
Al−Mg−Si−Ni alloy 4.85 2.05 1.53 0.88 0.52 Bal. 



Yi-mou LUO, et al/Trans. Nonferrous Met. Soc. China 34(2024) 3521−3535 3523 

L-PBF process was performed on an EP-M150 
system (Eplus3D, China) equipped with a 500 W 
fibre laser at a laser beam size of 70 μm. The 
processing parameters were adopted as follows: 
laser powers of 270, 290, 310, 330, and 350 W, 
scanning speeds of 700, 900, 1100, and 1300 mm/s, 
a hatch spacing of 0.10 mm, and a layer thickness 
of 0.03 mm. L-PBFed samples were fabricated 
layer-by-layer on a grit-blasted AA6061 alloy plate. 
To avoid oxidation during L-PBF, high-purity argon 
was filled into a printing chamber. A schematic 
diagram of scanning track is presented in Fig. 1(d) 
with a strategy of 67° rotating scanning layer-by- 
layer. To achieve the appropriate apparent condition 
for subsequent characterization, the L-PBFed 
samples were mechanically ground and polished. 

2.2 Microstructural characterization 
Phase constituent was characterized by X-ray 

diffraction (XRD: Rigaku X−2000 diffractometer) 
with Cu Kα radiation. The spectra were recorded in 
the angle range of 20°−80° (2θ), and the scanning 
step was 0.1°. On the basis of the XRD pattern, the 
Williamson−Hall method [34] was used to calculate 
the dislocation density. L-PBFed samples were 
examined with the Archimedes method to 
determine their relative density. The apparent 
defects of L-PBFed samples were characterized  
by optical microscope (Leica DM4000M). The 
smaller-scale microstructural characteristics of the 
alloy samples were characterized by multiple electron 
microscope. Prior to SEM observation, L-PBFed 
samples were first etched using Keller reagent and  

 

 
Fig. 1 SEM image of Al−5Mg2Si−1.5Ni alloy powder (a), SEM−EDS mappings of single particle (b, b1−b4), particle 
size distribution of powders (c), diagram showing scanning strategy of L-PBF process (d), and relative density and 
optical micrographs (OM) of L-PBFed Al−5Mg2Si−1.5Ni samples obtained at different volumetric energy densities 
(VEDs) (e) 
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then characterized using an FEI Nano230 field 
emission scanning electron microscope (FE-SEM). 
The crystallographic orientation and grain size of 
the L-PBFed samples were investigated by an FIB 
Helios Nanolab G3 UC system equipped with a 
Hikari camera and the TSL OIM data analysis 
software for electron backscattered diffraction 
(EBSD). Furthermore, the detailed microstructures 
were characterized by transmission electron 
microscope (TEM) with Tecnai G2 F20 operating at 
200 kV. A combination of mechanical polishing and 
precision ion polishing system (PIPS) was used to 
prepare samples for TEM at a voltage of 2−5 kV 
and the incident angle of 3°−8°. Based on high 
angle annular dark field (HAADF) TEM images, 
the mean size and fraction of in-situ phases and fine 
grains can be estimated by ImageJ software. 
 
2.3 Mechanical tests 

The dog-bone tensile specimens (gauge length: 
15 mm; width: 4 mm; depth: 2 mm) were machined 
by wire electrical discharge machining. Both sides 
of the sample were polished with 2000# silicon 
carbide sandpaper. The tensile testing at room 
temperature was conducted by MTS Alliance RT30 
with the engineering strain rate of 1×10−3 s−1. The 
tensile tests were carried out three times to ensure 
the repeatability. 
 
3 Results 
 
3.1 Densification behavior and processing 

formability 
Generally, the relative density of L-PBF 

samples is significantly related to their formability. 
Figure 1(e) illustrates the relative density and 
representative defect features of L-PBFed Al− 
5Mg2Si−1.5Ni alloy at different volumetric energy 
densities (VEDs). The VED can be normally 
expressed as follows [26]: VED=P/(vht), where P is 
the laser power (W), v is the scanning speed (mm/s), 
h is the hatch spacing (mm), and t is the layer 
thickness (mm). In Region I (in Fig. 1(e)) with   
the VED of 69.2−89 J/mm3, the relative density 
increased slackly and the defects were mainly 
composed of the lack of fusion and un-melted 
particles. With the increase of the VED to Region II 
in Fig. 1(e) at 89−114.8 J/mm3, the fluidity and 
wettability of liquid metal were significantly 

improved. The L-PBFed samples showed a peak 
relative density of 99.8% at the VED of 
107.4 J/mm3. Under this condition, only a small 
amount of gas pores could be observed. With 
further increasing the VED to Region III at 
114.8−166.7 J/mm3, the formation of keyhole pores 
was highly associated with the sharp decrease of the 
relative density. 
 
3.2 Microstructural characteristics 
3.2.1 Phase evolution during L-PBF 

L-PBF process with extremely rapid melting 
and cooling process is normally associated with   
a non-equilibrium solidification condition. The 
CALPHAD method was developed for equilibrium 
solidification, but it is still valid for non- 
equilibrium solidification and therefore delivers a 
potential in facilitating the design of crack-free Al 
alloys [11,35,36]. The equilibrium phase diagrams 
of Al−xMg2Si and Al−5Mg2Si−xNi alloys 
calculated via the PanAl2022 thermodynamic 
database are presented in Figs. 2(a, c). It can be 
seen that the similarity among two types of alloys 
was that α-Al was preferentially formed as the 
primary matrix phase. However, there was an 
obvious difference in the subsequent eutectic 
solidification. In Al−5Mg2Si alloys, the eutectic 
Mg2Si phase was the only phase to be formed, but 
Mg2Si and Al3Ni phases were precipitated in the 
Al−5Mg2Si−1.5Ni alloys. Figures 2(b, d) show the 
solidification paths of Al−5Mg2Si and Al−5Mg2Si− 
1.5Ni alloys calculated using the Gulliver−Scheil 
model. The precipitation sequences were: Liquid → 
α-Al → Mg2Si, and Liquid → α-Al → Mg2Si → 
Al3Ni, respectively. For the Al−5Mg2Si−1.5Ni alloy, 
Mg2Si and Al3Ni phases were formed when the 
temperature was lower than 852.3 and 849.8 K, 
respectively, indicating two eutectic reactions might 
exist in the alloy. The small solidification range 
(85.5 K) for primary solidification and eutectic 
solidification also offered a potential for micro- 
structural refinement. 

In consistent with calculation results, XRD 
patterns of the pre-alloyed powder and L-PBFed 
Al−5Mg2Si−1.5Ni alloy in Fig. 3(a) confirmed that 
the diffraction peaks of α-Al matrix and Mg2Si 
phase could be obviously detected within the 2θ 
range of 20°−80° in both samples. And the weak 
diffraction peak intensity of Al3Ni phase might be 
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Fig. 2 Vertical sections of equilibrium phase diagrams for Al−xMg2Si (a) and Al−5Mg2Si−xNi (c) alloys, and 
solidification paths of Al−5Mg2Si (b) and Al−5Mg2Si−1.5Ni (d) alloys 
 

 
Fig. 3 XRD patterns for phase analysis in pre-alloyed powder and L-PBFed Al−5Mg2Si−1.5Ni samples: (a) Overall 
spectra; (b) Detailed spectra at 2θ from 37.0° to 39.0° 
 
associated with its low concentration and     
small scale of dimensions [6]. Furthermore, the 
diffraction peak of α-Al matrix slightly shifted to 
high angles after the L-PBF process, as indicated  
in Fig. 3(b). According to Bragg’s equation, an 

increased angle leads to a smaller lattice constant. 
The large residual stress formed during the L-PBF 
process with sharp cooling rate promotes the crystal 
lattice distortion. And, the solid solution of elements 
in the α-Al matrix may also affect the crystal lattice 
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distortion further [6]. 
The growth restriction factor (Q) was 

calculated based on the solidification curves in 
Figs. 2(b, d), in which the solute addition (e.g., Ni) 
related to the increased constitutional undercooling 
(ΔTCS) at the front of solid−liquid (S/L) interface 
normally results in the grain refinement [37−39]. 
Correspondingly, the ability of solute to produce 
ΔTCS could be estimated by the calculation of Q 
value, which could be expressed as follows [40]:  

s

CS

s 0

( )
=

( ) f

T
Q

f
→

∂ ∆ 
 ∂ 

                     (1) 

 
where the values of fs and ΔTCS can be acquired   
by Scheil−Gulliver simulation results. For the 
constrained Liquid→α-Al solidification, the 
calculation results of Q were 31.5 K in the 
Al−5Mg2Si−1.5Ni alloy and 23.2 K in the 
Al−5Mg2Si alloy. Although the Q value of 
Al−5Mg2Si−1.5Ni alloy is not so high, the 
efficiency of Ni solutes for refining Al grains is 
higher than that of Si and Cu, which is similar to 
the previous work [41]. As such, the ability in grain 
refinement was strong in the Ni-contained alloy. On 
top of the solid solution of Ni solutes, the potential 
nucleation of Al3Ni particles could also promote the 
grain refinement. 

3.2.2 Formation of non-equilibrium microstructure 
Calculation results suggested that a potential 

refined microstructure can be obtained in the 
Al−5Mg2Si−1.5Ni alloy. And EBSD maps as well 
as SEM images in Fig. 4 further verified the 
formation of refined heterogeneous grains. The 
microstructures of the L-PBFed Al−5Mg2Si−1.5Ni 
alloy along the building direction were featured by 
fine columnar grains with the size distribution 
ranging from 2 to 20 μm. The fine grains were 
formed around the melt pool boundaries due     
to the large temperature gradient and heat 
accumulation [42]. Compared to the L-PBFed 
Al−5Mg2Si alloy, the addition of Ni decreased   
the size of α-Al grains from 24.4 to 14.6 μm 
(Figs. 4(a, b)). Meanwhile, SEM image in Fig. 4(c) 
confirmed that no obvious pores were observed 
from the low magnification image, which was 
consistent with the previously obtained high 
relative density (99.8%) (Fig. 1(e)). Furthermore, 
the typical hierarchical microstructure of L-PBFed 
Al−5Mg2Si−1.5Ni alloy could be divided into 
heat-affected-zone (HAZ), coarse-grain-zone (CGZ) 
and fine-grain-zone (FGZ). The cellular structures 
that consist of α-Al matrix, and nanosized 
precipitates were distributed in all three regions 
(Fig. 4(d)). However, cellular structures distributed 

 

 
Fig. 4 IPF maps of L-PBFed Al−5Mg2Si−1.5Ni (a) and Al−5Mg2Si (b) alloys along building direction; (c−g) SEM 
micrographs of longitudinal section of L-PBFed Al−5Mg2Si−1.5Ni alloy: (c) Low magnification image; (d) Overall 
microstructure; Detailed microstructures of HAZ (e), FGZ1 (f) and FGZ2 (g) 
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in the HAZ were partially broken up due to the 
continuous thermal cycling around the melting pool 
boundaries (Fig. 4(e)). Equiaxed cellular grains and 
columnar cellular grains were observed in FGZ1 
and FGZ2, respectively. Furthermore, the dark-black 
separated Mg2Si was individually distributed at the 
grain boundaries rather than as part of the cellular 
structures (Figs. 4(f, g)). 

To characterize the detailed microstructures of 
the L-PBFed Al−5Mg2Si−1.5Ni alloy systematically, 
TEM images including bright-field (BF) image, 
dark-field (DF) image, high-angle annular dark- 
field (HAADF) image and the corresponding EDS 
maps are shown in Fig. 5. The obvious hierarchical 

microstructures including FGZ, CGZ and HAZ 
could be observed in L-PBFed alloy, which was 
similar to SEM results (Fig. 4(d)). A considerable 
number of cellular structures decorated with 
(Al,Ni)-enriched and (Mg,Si)-enriched phases 
could be observed inside the α-Al matrix 
(Figs. 5(b, d, d1−d4)). The introduction of uniformly 
distributed (Al,Ni)-enriched and (Mg,Si)-enriched 
phases during L-PBF process were ascribed to the 
uniform elemental distribution in the pre-alloyed 
powder. The slight difference of morphology in 
HAZ was because (Al,Ni)- and (Mg,Si)-enriched 
phases had different degrees of coarsening. EDS 
results in Figs. 5(h2, h3) displayed the formation of 

 

 
Fig. 5 TEM image of L-PBFed Al−5Mg2Si−1.5Ni alloy (a); Detailed microstructure of FGZ and HAZ (b, e, f); TEM 
bright-field (BF) images showing distribution of dislocations (c, g); EDS maps of FGZ (d, d1−d4) and HAZ (h, h1−h4) 
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bulk (Mg,Si)-enriched phase with a size of 200− 
300 nm. Meanwhile, the (Al,Ni)-enriched phase 
distributed along the entire cellular structure 
boundaries could be detected in Figs. 5(e, h). A 
large number of dislocations entangled at the 
cellular boundaries could be also observed in 
Figs. 5(c, g). 

Figures 6(a−f) show the high-resolution 
transmission electron microscope (HRTEM) images 
and Fast Fourier Transform (FFT) patterns of the 
interaction between α-Al matrix and two types   
of particles. Figures 6(a, d) and (b, e) confirmed 
that (Al,Ni)-enriched phases and bulk (Mg,Si)- 
enriched phases were Al3Ni and Mg2Si phases, 
respectively. It is different from the Al−5Mg2Si 
alloy that no obvious Al−Mg2Si eutectics were 
observed with the addition of Ni. The Al3Ni 
nanoparticles located at the cellular structure 
boundaries and α-Al together constituted the 
Al−Al3Ni cellular eutectics (Figs. 5(b, e)). This is 
because, following the precipitation of Mg2Si, the 
main component of the remnant liquid phase was 
Al3Ni, while the eutectic structures were the 
products of the eutectic reaction of the residual 
concentrated liquid at the cell boundaries during  
the terminal stage of solidification [43,44]. The 

orientation relationships between α-Al and Al3Ni 
phase could be described as (200)α-Al//(100)Al3Ni, 
(220)α-Al//(110)Al3Ni and [001]α-Al//[001]Al3Ni, which 
confirm that the Al3Ni phase was semi-coherent 
with the α-Al. The Al3Ni phase was coherent with 
the α-Al matrix along [001] matrix, with an 
interplanar spacing of 0.553 nm for the (001) plane 
of Al3Ni phase (Fig. 6(c)). Also, the semi-coherent 
interface between α-Al and Mg2Si could be 
expressed as (111�)α-Al//(11�1)Mg2Si, (11�1)α-Al//(2�2�0)Mg2Si 
and [011]α-Al//[11�2]Mg2Si, Mg2Si phase was coherent 
with the α-Al matrix along [011] matrix, with an 
interplanar spacing of 0.389 nm for the (11�1) of the 
Mg2Si phase (Fig. 6(f)). It is speculated that a good 
interface relationship between the nano-sized 
phases and the α-Al matrix results in Orowan 
strengthening among the Al alloys, and the 
interaction between nanoscale particles and 
dislocations promotes the formation of dislocation 
loops and improves the mechanical response 
significantly [26]. 

 
3.3 Mechanical properties 

SEM and TEM analysis confirmed that a 
typical hierarchical microstructure was formed in 
the L-PBFed Al−5Mg2Si−1.5Ni alloy. The refined 

 

 

Fig. 6 HRTEM micrographs of interface between Al3Ni phase and Al matrix (a), Mg2Si phase and α-Al matrix (d), 
corresponding FFT patterns (b, e), and IFFT (Inverse Fast Fourier Transform) images (c, f) 
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heterogeneous α-Al matrix contained the interaction 
between the dislocations and the Al−Al3Ni cellular 
eutectics as well as the Mg2Si particles. These could 
deliver a huge potential in promoting strength 
enhancement. The tensile stress−strain curve of the 
L-PBFed Al−5Mg2Si−1.5Ni alloy at the VED of 
114.8 J/mm3 showed a good combination of 
mechanical properties, in which the YS (yield 
strength) was (425±15) MPa, the UTS (ultimate 
tensile strength) was (541±11) MPa and the EL 
(elongation) was (6.2±0.2)% (Fig. 7(a)). It is indicated 
from Fig. 7(b) that the L-PBFed Al−5Mg2Si−1.5Ni 
alloy represented a decent mechanical performance 
compared with other Al alloys manufactured by 
various techniques, including the L-PBFed Al− 
5Mg2Si−2Mg [26] and Al− 5Mg2Si−2Mg−2Fe [45], 
L-PBFed Al−Mg−Si [36,46,47], Al−Mg−Sc−    
Zr [48−50], Al−Mg−Si−Sc−Zr [51], Al−Zn−Mg− 
Cu [52,53], AlSi10Mg [54,55], AlSi12 [56], and 
as-cast Al−Mg−Si alloys [57−59]. Strikingly, the 
L-PBFed Al−5Mg2Si−1.5Ni alloy exhibited higher 
strength response than L-PBFed AlSi10Mg, AlSi12 
alloys and even the expensive Zr/Sc modified 
Al−Mg−Si alloys. Meanwhile, the fractured surface 
of the L-PBFed Al−5Mg2Si−1.5Ni samples 

confirmed a typical combination of ductile−brittle 
fracture mode, in which substantial dimples and 
tearing ridges could be detected in Figs. 7(c−e) 
simultaneously. Such a feature of ductile−brittle 
mixed fracture was consistent with the moderate  
EL ((6.2±0.2)%) in the L-PBFed Al−5Mg2Si−1.5Ni 
alloy. 
 
4 Discussion 
 

Based on the microstructural characteristics 
and our previous results in the L-PBFed Al−5Mg2Si 
alloy [26], the Ni addition into Al−Mg2Si alloy 
could result in the formation of Al−Al3Ni cellular 
structures on top of the Al−Mg2Si cellular structures. 
The advantages included: (1) the solid solubility 
limit of extra Mg atoms is more likely to be 
improved greatly via high cooling rate during 
L-PBF process; (2) similar to Al−Mg2Si cellular 
structures, the introduction of Al−Al3Ni cellular 
structures could offer a strong ability in eutectic 
filling and promote crack elimination (Fig. 1(e));  
(3) combined with the increased Q value, the 
formation of Al3Ni particles could play as nucleation 
sites to facilitate grain refinement; (4) although the  

 

 
Fig. 7 Stress−strain curves (a), comparison of YS between L-PBFed Al−5Mg2Si−1.5Ni alloy in this study and other 
L-PBFed [26,36,45−56] and as-cast [57−59] Al alloys (b), and SEM micrographs showing fractograph (c, d) and 
detailed dimples in fractured surface of sample at VED of 114.8 J/mm3 (e) 
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precipitation strengthening effect of Mg2Si is 
reduced (the preferential precipitation of Mg2Si 
increases the size), the high density of fine Al3Ni 
particles provides an effective strengthening effect; 
(5) an coherent orientation relationship between the 
Al3Ni particles and the α-Al matrix could exert a 
positive influence on acquiring an excellent synergy 
of strength and ductility. 

Considering that the mass ratio of Mg to Si  
in the Mg2Si phase is 1.73, the element content in 
Table 1 implies that excessive Mg (~1.47 wt.%) is 
dissolved in the α-Al matrix, which is higher than 
that of Mg solution (0.6 wt.%) in conventional 
casting/wrought methods [60]. Moreover, the solid 
solution strengthening of Ni is not embraced in this 
work owing to the low solid solubility of Ni in  
α-Al matrix [61]. The potential solid solution 
strengthening (σSS) of the alloy can, thus, be 
expressed as [62] 
 

2/3
SS = j jk cσ

                             
(2) 

 
where j represents Mg, cj is the concentration of Mg 
in solid solution (wt.%) and kj is the corresponding 
scaling factor: kMg=29.0 MPa/wt.%2/3 [62]. Thus, 
the YS improvement related to solid solution 
strengthening is calculated to be 37.5 MPa. 

Besides the solid solution of Mg solutes 
associated with the increased constitutional 
undercooling (ΔTCS) and the Q value, the nucleation 
of Al3Ni particles in eutectics could also promote 
the grain refinement. According to the Hall−Petch 
equation [30], the contribution of grain boundary 
strengthening (σgb) to YS can be described as 
 
σgb=kyd −1/2                                                (3) 

where ky is a constant of 0.04 MPa·m1/2 [30] and d 
is the average grain size (14.6 μm). The estimated 
contribution of grain boundary strengthening is 
10.5 MPa. 

Correspondingly, the illustration diagram of 
microstructural characteristics is shown in Fig. 8.  
It is also noted that the formation of melting  
cracks and cellular structures in Figs. 8(a, b) was 
dominated by the production of temperature 
gradient (∆T) and cooling rate (R), and the refined 
structures could be obtained via the high value of 
the ∆T·R. It is noteworthy that the specific large 
temperature gradient and heat accumulation induce 
a unique cellular structure arrangement. According 
to the solidification path, Mg2Si was preferentially 
formed, and Al3Ni was then precipitated at the final 
stage of solidification to form Al3Ni particles within 
α-Al matrix. In this stage, the remnant liquid phase 
trapped at the cellular structure boundaries was 
likely participated by eutectic reaction and finally 
formed a typical Al−Al3Ni cellular structure 
(Fig. 8(c)). Thus, the design of crack-free Al− 
5Mg2Si−1.5Ni alloy with narrow solidification 
range and high Q value offers a potential in 
achieving the superior combination of strength and 
ductility. 

Moreover, a high number density of dislocations 
generally occur in the alloy samples due to the high 
cooling rate in L-PBF process. The dislocations 
tangling with each other improve the mechanical 
properties significantly. BF-TEM images in 
Figs. 5(c, g) also indicated that the interaction 
between the high number density of dislocations 
and the Al3Ni as well as the trace of Mg2Si phase 
builds a solid foundation for dislocation strengthening 
and precipitation strengthening. The concerning  

 

 
Fig. 8 Schematic illustration showing microstructural characteristics of L-PBFed Al−5Mg2Si−1.5Ni alloy on different 
scales: (a) Millimeter; (b) Micrometer; (c) Nanometer 
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contribution can be expressed by the Bailey−Hirsch 
formula [29]: 
 
σdis=MαGbρ1/2                                           (4) 
 
where M is Taylor factor of 3.06, α is a constant of 
0.24 for FCC metals, G is the shear modulus of  
the α-Al matrix (26 GPa), b is the amplitude of 
Burger vector of 0.286 nm for α-Al matrix, and ρ is 
the dislocation density. The dislocation density  
was roughly estimated by the Williamson−Hall 
method [34] based on the XRD pattern. XRD 
diffraction peak broadening (β) includes two parts, 
the crystallite size broadening (βG) and the strain 
broadening (βS). Based on the hypothesis of Cauchy- 
type function, these can be described as [29]  
β=βG+βS                                                  (5)  
βG=Kλ/(D·cos θ)                         (6) 
 
βS=4ε·tan θ                              (7) 
 
where K is a constant of 0.9, λ(=0.15405 nm) is the 
wavelength of Cu Kα radiation, D is the crystallite 
size, θ is the Bragg angle of the certain peak     
and ε is the microstrain. Equation (5) can be also 
expressed as  
β·cos θ=Kλ/D+(4sin θ)ε                    (8)  

According to Eq. (8), the parameter ε is the 
gradient of the linear regression of the βcos θ− 
4sin θ plot (Calculated to be 0.0016). Then, the 
dislocation density can be calculated by the 
subsequent formula:  

2 3 / ( )Dbρ ε=                          (9) 
 
where the dislocation density is 7.20×1014 m−2, and 
the estimated strength increment to YS by 
dislocation strengthening is 147 MPa. 

Finally, nano-sized Al3Ni and Mg2Si particles 
are detected. Especially, good interface matching 
relationship exists between the precipitated particles 
and α-Al matrix (Fig. 6). The precipitated particles 
can hinder the movement of dislocations and results 
in Orowan strengthening. The contribution to yield 
strength by precipitate strengthening (σpt) can be 
expressed as [63] 
 

pt 1/2
1

0.4 ln(2 / )=
π(1 )

MGb r b
v

σ
λ−                  

(10) 

 
where M is Taylor factor of 3.1; v is the Poisson’s 
ratio (0.33); r  is the mean radius of spherical 
precipitates on a circular cross section in a random 

plane, 2/3r r= , where r is the mean radius of the 
precipitates; λ1 is the interval spacing between 
nano-particles in the glide plane, which is linked 
with r  and the volume fraction fv of the nano- 
particles, and can be described as follows [64]:  

1
v

π2 ( 1)
4

r
f

λ = −                       (11) 

 
Based on SEM and TEM images, the 

precipitate strengthening for Al3Ni with a mean 
radius of 48.2 nm and volume fraction of 2.16%  
can be calculated to be 50.9 MPa. The precipitate 
strengthening for Mg2Si with a mean radius of 
58.9 nm and volume fraction of 5.8% can be 
calculated to be 80.9 MPa. The introduction of 
Al−Al3Ni eutectics with Ni addition promotes    
an effective precipitation strengthening. The yield 
strength of the pure aluminium (σ0, ~60 MPa [65,66]) 
should be also taken into account. Additionally, the 
comparison of calculated yield strength and 
experimental yield strength is shown in Fig. 9. The 
calculated theoretical value is close to the 
experimental results. It can be found that the main 
contributions to the yield strength of the designed 
L-PBFed Al−5Mg2Si−1.5Ni alloy are precipitation 
strengthening and dislocation strengthening. 
 

 

Fig. 9 Comparison of calculated and experimental YS 
 

In summary, the introduction of Ni (1.5 wt.%) 
into the L-PBFed Al−5Mg2Si alloy induces the 
significantly improvement in the ability of grain 
refinement and strength enhancement. Among there, 
the formation of bulk Mg2Si particles during the 
initial stage of solidification and the introduction of 
the eutectics that constitute the α-Al matrix and 
Al3Ni particles located at the cellular structure 
boundaries during the final stage of solidification, 
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are mainly responsible for the generation of a 
refined hierarchical structure with a high relative 
density of 99.8%. Meanwhile, the interaction 
between a high quantity density of dislocations  
and nano-sized Al3Ni as well as Mg2Si particles in 
the L-PBFed Al−5Mg2Si−1.5Ni alloy delivers an 
excellent synergy of strength−ductility, in which 
UTS and EL reach up to (541±11) MPa and 
(6.2±0.2)%, respectively. 
 
5 Conclusions 
 

(1) The formation of fine equiaxed structure 
with Al−Al3Ni eutectics could be obtained in    
the L-PBFed crack-free Ni-modified Al−5Mg2Si 
samples with a high relative density of 99.8% at the 
VED of 107.4 J/mm3. The increased constitutional 
supercooling and the growth restriction factor 
induced via Ni addition resulted in the formation of 
a fine grain structure (14.6 μm). 

(2) The L-PBFed Al−5Mg2Si−1.5Ni alloy 
offered superior mechanical properties with the YS 
of (425±15) MPa, the UTS of (541±11) MPa and 
the EL of (6.2±0.2)%. Strengthening mainly 
initiated from the refined heterogeneous α-Al 
matrix grains that contained Al−Al3Ni eutectics and 
Mg2Si particles, which acted as strong barriers to 
dislocation motion. Ni addition delivered a superior 
synergic effect of grain refinement, dislocation 
strengthening and precipitation strengthening. 

(3) The introduction of Al−Al3Ni eutectics 
with Ni addition offered a creative design method 
for the high-strength Al−Mg−Si alloy capable of 
additive manufacturing process. 
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摘  要：对激光粉末床熔融(L-PBF)制备的高强 Al−5Mg2Si−1.5Ni 合金的显微组织及力学性能进行系统研究。结果

表明，在 Al−5Mg2Si 合金中引入 1.5%(质量分数)的 Ni 可以显著改善 L-PBF 成形性能并提升力学性能。当体积能

量密度为 107.4 J/mm3时，Ni 改性 Al−5Mg2Si 合金的凝固区间仅为 85.5 K，并且获得了典型的 Al−Al3Ni 共晶组织，

合金相对密度达到 99.8%。此外，细化的分层组织主要表现为平均尺寸为 14.6 μm 的非均匀 α-Al 晶粒以及位错与

Al−Al3Ni 共晶和 Mg2Si 间的交互作用。在 Ni 添加引起的晶粒细化、位错强化和析出强化协同作用下，L-PBF 成

形 Al−5Mg2Si−1.5Ni 合金获得了优异的力学性能，其屈服强度为(425±15) MPa，极限抗拉强度为(541±11) MPa，

伸长率为(6.2±0.2)%。 

关键词：激光粉末床熔融；Al−Mg−Si 合金；显微组织演变；力学性能；强化机制 
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