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Abstract: The commercial AM60 (Mg−6Al−0.3Mn) die-casting alloy was modified through Mn, Ce, and La micro-
alloying, each at a content below 0.2 wt.%. SEM, TEM, and Micro-CT were employed to characterize the microstructures 
and properties of AM60 based alloys. AM60-0.2La alloy showed excellent mechanical properties. The ultimate tensile 
strength, yield strength, and elongation of (288.0±1.7) MPa, (158.0±1.0) MPa, and (22.0±3.0)% were achieved in AM60-
0.2La alloy. Besides, AM60-0.2La alloy exhibited the best corrosion resistance (0.29 mm/a) and fluidity among the 
investigated four alloys. The excellent mechanical properties and corrosion resistance are mainly attributed to the grain 
refinement strengthening, low porosity, and low content of large shrinkage porosity, promising for super-sized integrated 
automotive components. 
Keywords: magnesium alloys; microstructure; mechanical properties; high-pressure die-casting; integrated automotive 
components 
                                                                                                             

 
 
1 Introduction 
 

The electric vehicle (EV) industries have been 
developed rapidly in recent years [1,2]. EVs have a 
higher demand for light-weighting than internal 
combustion engine vehicles due to the extra weight 
of batteries [3]. Among the lightweight solutions, 
integrated magnesium alloy high-pressure die-
casting (HPDC) super-sized automotive parts 
emerge as one of the best solutions. Tesla integrated 
171 complex vehicle components into two integrated 
aluminum alloy Giga castings, significantly reduced 
the weight by 30%, and lowered the cost by 40%.  
In addition, substituting aluminum alloys with 

magnesium alloys can further reduce the weight by 
around 30% since the density of magnesium alloys 
is only 2/3 that of aluminum alloys. 

In 2023, the National Magnesium Alloy 
Engineering Research Center (CCMg) of Chongqing 
University, in cooperation with Chongqing MilliSon 
Technology Co., Ltd. and Chongqing Boao 
Magnesium & Aluminum Manufacturing Co.,   
Ltd., successfully produced the most oversized 
magnesium alloy super-sized integrated HPDC 
automotive part in the world, with a projection area 
of exceeding 2.2 m2 using a MilliSon 8800T die- 
casting system. The castings are 32% lighter than the 
original aluminum alloy casting, demonstrating an 
excellent potential for light-weighting applications 
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in the automotive industry. The integrated die-
casting of super-large automotive parts is attracting 
much attention, a significant trend in the future 
development of lightweight EVs [4]. 

Due to the complexity and extended flow 
distance of super-sized automotive components, 
HPDC magnesium alloys must exhibit good fluidity 
and excellent mechanical properties without 
requiring heat treatment. Additionally, these alloys 
need to possess good corrosion resistance and be 
cost-effective for widespread application in EVs. 

In recent years, several high-performance 
HPDC magnesium alloys have been developed. 
However, few HPDC magnesium alloys exhibited 
both high strength and high plasticity. ZHANG    
et al [5] reported that the AM40-4La alloy exhibited 
room temperature (RT) yield strength (YS), ultimate 
tensile strength (UTS), and elongation (EL) of 
155 MPa, 265 MPa, and 12%, respectively. LV    
et al [6] developed a high-performance HPDC 
Mg−4Al−3La−2Gd−0.3Mn alloy with YS, UTS,  
and EL at RT of 181 MPa, 284 MPa, and 14%, 
respectively. Researchers also attempt to develop 
high-performance HPDC magnesium alloys with 
high rare earth (RE) content. HPDC Mg−11Gd−3Y− 
1Zn−0.2Zr alloy developed by CHANG et al [7] 
showed a YS, UTS, and EL of (246±12) MPa, 
(285±14) MPa, and (3.4±0.4)%, respectively. The 
HPDC Mg−6Y−3Zn−1Al alloy exhibited a YS of 
175 MPa, a UTS of 281 MPa, and an EL of 9.8% [8]. 
However, the listed alloys contain a medium or high 
content of RE, leading to high cost and generally 
poor fluidity, which is unsuitable for integrated die- 
casting of super-sized automotive parts [9,10]. 
Therefore, developing new low-cost magnesium 
alloys with high strength and plasticity is necessary. 

To reduce the cost and enhance the fluidity of 
magnesium alloys for super-sized automotive 
component applications, we designed new HPDC 
magnesium alloys with the small addition of low-
cost Mn, Ce, and La elements to commercial  
AM60 alloy in this study. The microstructures   
and properties of four HPDC alloys, namely AM60 
(Mg−6Al−0.3Mn), AM61 (Mg−6Al−0.5Mn), AM60- 
0.2Ce (Mg−6Al−0.3Mn−0.2Ce), and AM60-0.2La 
(Mg−6Al−0.3Mn−0.2La), were investigated. The 
impact of Mn, Ce, and La addition on the grain size, 
pore morphology, porosity, fluidity, mechanical 
properties, and corrosion resistance of the AM60 
based alloys was studied. 

 
2 Experimental 
 
2.1 Materials preparation 

The nominal compositions of the four alloys 
studied were Mg−6Al−0.3Mn (AM60), Mg−6Al− 
0.5Mn (AM61), Mg−6Al−0.3Mn−0.2Ce (AM60-
0.2Ce), and Mg−6Al−0.3Mn−0.2La (AM60-0.2La). 
The chemical compositions of the alloys were 
determined by Inductively Coupled Plasma Atomic 
Emission Spectrometry (ICP-AES), and the results 
are listed in Table 1. Besides, the total content of 
impurity elements Si and Fe in every alloy was less 
than 0.05 wt.%. 
 
Table 1 Actual chemical compositions of alloys (wt.%) 

Alloy Al Mn Ce La Mg 

AM60 5.94 0.31 − − Bal. 

AM61 5.96 0.59 − − Bal. 

AM60-0.2Ce 5.91 0.25 0.17  Bal. 

AM60-0.2La 5.32 0.29 − 0.20 Bal. 
 

The AM60 based alloy castings were first 
melted in an electric resistance furnace at 720 °C 
under a protective atmosphere of 1 vol.% SF6 + 
99 vol.% CO2, using pure Mg (99.99%) along with 
Mg−10Mn, Mg−30Ce, and Mg−30La (wt.%) master 
alloys. Specimens were produced using a 650 t 
clamping force cold chamber die-casting machine 
(YIZUMID-M650). The metal was hand-ladled into 
the casting machine at a melt temperature of 720 °C. 
The mold was equipped with a heating system, and 
the mold temperature for die-casting was 200 °C. 
The die-casting process involved a slow shot speed 
of 0.15 m/s, a fast shot speed of 6 m/s, a casting 
pressure of 15 MPa, and a boost pressure of 30 MPa. 
Each alloy was die-cast in 40 molds, with the first 
five not counted due to parameter instability, such as 
mold temperature and shot rate. The samples were 
cooled by natural cooling. The die-casting product is 
shown in Fig. 1(a). 
 
2.2 Microstructure characterization 

A cylindrical specimen, measuring 8 mm in 
length and 6.4 mm in diameter, was extracted from 
the middle section of the unstretched tensile bar via 
wire cutting, as indicated by the red marking in 
Fig. 1(a). Upon sampling completion, the cross-
sectional morphology of the samples was examined  
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Fig. 1 (a) Casting schematic including top sample for 
testing corrosion performance, tensile bar with central 
diameter of 6.4 mm at bottom and three plate samples with 
thicknesses of 3, 4, and 5 mm, respectively; (b) Dimensions 
of tensile bar specimen (Unit: mm) 
 
using optical microscopy (OM). The OM samples 
were ground with SiC abrasive paper (grit sizes 
ranging from 320# to 4000#) and etched in a picric 
acid solution (0.85 g picric acid, 2 mL glacial acetic 
acid, 2 mL ethanol, and 10 mL distilled water) for 
10 s. The microstructure was revealed using a ZEISS 
Axiovert 40 MAT optical microscope. 

The secondary phase and pores of the alloys 
were observed using a scanning electron microscope 
(SEM, FEI Nova 400). Electron backscattered 
diffraction (EBSD) analysis was conducted with the 
SEM to determine the grain size of the samples.  
The samples were ground with SiC abrasive paper 
(grit sizes ranging from 320# to 4000#) and then 
electrolytically polished in AC2 solution at −15 °C, 
20 V, and 0.03 A for 40 s. Grain size distribution was 
analyzed using the Aztec Crystal software. 

Additionally, the samples were cut into      
10 mm × 10 mm blocks and examined via X-ray 
diffraction (XRD) using a D/max−2500PC X-ray 
diffractometer. The XRD analysis was performed by 
employing a Cu Kα target with an operating current 
of 40 mA, a voltage of 40 kV, and a scanning speed 
of 2 (°)/min. The alloy microstructure after tensile 
deformation was further analyzed using transmission 
electron microscope (TEM, FEI Talos F200 S). 
Samples were mechanically ground to a thickness of 
~50 μm and then ion-thinned using a GATAN PIPS 
II 691 instrument. 

The three-dimensional characterization of the 
pores in the red-marked samples shown in Fig. 1(a) 
was performed using a BRUKER SKYSCAN 1276 

Micro-CT. The operating voltage and current were 
set to be 100 kV and 200 μA, respectively, with an 
image resolution of 3 μm. The data obtained were 
reconstructed in three dimensions (3D) using post-
processing software such as CT-Analyser and    
CT-Volume, resulting in a comprehensive three-
dimensional pore distribution map. The extracted 
porosity-related parameters included diameter, 
volume, and sphericity, etc. In addition, in this study, 
the Pandat thermodynamic software was employed 
to calculate the secondary phase content during the 
solidification process of AM60 based alloys. 
 
2.3 Mechanical performance tests 

The tensile samples were taken directly from 
the tensile bar structure in the mold, as indicated by 
the markings in the yellow block in Fig. 1(a). The 
tensile tests were performed after removing the 
ejector structure on both sides and lightly sanding the 
surface. The tensile samples had a gauge length of 
64 mm and a gauge diameter of 6.4 mm, with other 
specific dimensions shown in Fig. 1(b). The tensile 
tests were conducted at RT using a CMT1505 tensile 
testing machine with a tensile rate of 3.84 mm/min 
and a strain rate of 0.001 s⁻¹. At least three repeated 
experiments were performed to ensure data 
reliability. 
 
2.4 Corrosion resistance test 

Specimens for hydrogen evolution tests were 
cut into cubes with dimensions of 20 mm × 20 mm × 
3 mm. The cut samples were sealed with AB glue to 
expose a test surface area of 400 mm2, ground to 
4000# using SiC paper, cleaned with ethanol, and 
dried with flowing air. Hydrogen evolution 
measurements were carried out using an inverted 
funnel attached to an inverted burette positioned over 
the specimen, exposing an area of 400 mm2 in a 
3.5 wt.% NaCl solution saturated with Mg(OH)2 at  
RT to maintain a consistent pH value during the 
immersion test. The corrosion rate (PH) (mm/a) was 
calculated from the hydrogen evolution volume (VH) 
(mL/cm2) and immersion time t (d), using the 
following equation [11]: 
 
PH=2.088VH/t                            (1) 
 
3 Results 
 
3.1 Microstructure 

The microstructures of the cross-section at the 
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center of the bar specimens of the four AM60 based 
alloys are depicted in Fig. 2. The microstructure 
predominantly comprises refined grains and coarse 
dendrites interspersed with each other. The cross-
section can be divided into three regions: the center, 
transition, and surface regions, aligned along a 
narrow band roughly parallel to the casting surface 
contour. A detailed examination reveals that the 
center region (Figs. 2(a, d, g, j)) contains coarse 
dendrites with some equiaxed fine crystals. This 
region exhibits larger dendrites and numerous 
aggregates, resulting in significant porosity at the 
grain boundaries. The transition region exhibits finer 
dendritic microstructure than the center, with an 
increasing number of refined equiaxed grains. 
Moving from the center of the bar specimen through 

the transition region to the surface layer, the 
proportion of large dendrites gradually diminishes. 
The grains are notably refined in the surface region, 
featuring numerous minor and round α-Mg grains. 

The OM results do not effectively characterize 
the average grain size (AGS) of the alloys due to the 
presence of numerous refined grains. As shown in 
Figs. 3(a−l), the EBSD results elucidate the variation 
in grain size across three distinct regions of the alloys. 
All regions primarily consist of coarse and refined 
grains. Coarse grains, identified as externally 
solidified crystals (ESCs), generally form during 
filling. In this study, grains with a diameter 
exceeding 20 μm are recognized as ESCs. The  
grain size diminishes progressively from the center 
to the surface, primarily due to reduced ESCs and 

 

 
Fig. 2 Microstructures of HPDC AM60 based alloys in different regions: (a−c) AM60; (d−f) AM61; (g−i) AM60-0.2Ce; 
(j−l) AM60-0.2La 



Jing WANG, et al/Trans. Nonferrous Met. Soc. China 36(2026) 433−450 437 

 

 
Fig. 3 Variation of average grain size (AGS) of HPDC alloys characterized using EBSD for AM60 (a, e, i), AM61 (b, f, j), 
AM60-0.2Ce (c, g, k), and AM60-0.2La (d, h, l); (m) Statistic results of number fraction of ESCs in different regions;   
(n) Statistic results of area fraction of ESCs in different regions 
 
increased fine equiaxed crystals. With increasing Mn 
content, the presence of ESCs escalates compared  
to the AM60 alloy. Conversely, adding trace RE 
elements (Ce and La) significantly reduces ESCs, 
transforming the distribution of refined grains from 
a linear to a small-area block-like pattern in the 
center and transition regions. 

The statistical results of the number fraction of 
ESCs and the area fraction of ESCs in different 
regions are shown in Figs. 3(m) and (n), respectively. 

It is evident that, except for the center of AM61, the 
number fraction of ESCs in all regions of AM60-
0.2Ce and AM60-0.2La alloys, as well as the 
transition and surface regions of AM61, is lower  
than that in AM60. Although the number fraction of 
ESCs in various regions of the four alloys accounts 
for no more than 4%, they occupy a significant area 
fraction of 6% to 45%, highlighting ESCs as a 
critical factor influencing the performance of the 
alloys. 
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3.2 Phase distribution 
The XRD patterns of the studied HPDC alloys 

are illustrated in Fig. 4. The AM60 based alloys are 
mainly composed of α-Mg and Mg17Al12 phases. The 
diffraction peak intensities corresponding to the 
Mg17Al12 phase are uniformly low across all four 
alloys, with no significant differences observed. This 
suggests that adding Mn, Ce, and La elements has a 
negligible effect on the content of the Mg17Al12 phase 
in AM60 alloy. 

Figure 5 illustrates SEM images of the AM60 
based alloys at different magnifications. At higher 
magnifications, these images reveal the distribution 
of the secondary phase in the four alloys. The  
AM60 alloy exhibits a relatively low content of   
the secondary phase. Microalloying increases the 
secondary phase content, although the overall 
difference remains small. The increase in Mn content 
leads to a rise in the amount of spherical and irregular 

 

 
Fig. 4 XRD results of HPDC AM60 based alloys 
 
stripe phases. Microalloying of Ce and La 
significantly increases the volume fraction of the 
dispersed secondary phase at the grain boundaries. 
The AM60-0.2La alloy shows the highest content of 
the secondary phase. 

 
Fig. 5 SEM images of HPDC AM60 based alloys in different regions: (a−d) AM60; (e−h) AM61; (i−l) AM60-0.2Ce;  
(m−p) AM60-0.2La; (a, e, i, m) Overall SEM images; (b−d, f−h, g−l, n−p) Enlarged images of regions Ⅰ, Ⅱ, and Ⅲ in   
(a, e, i, m), respectively 
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In addition, the generalized distribution of pores 
in the overall cross-section of the alloys is depicted 
in Figs. 5(a, e, i, m) at low magnifications. No distinct 
defect bands are evident in the four alloys, with 
defects predominantly concentrated in the center and 
decreasing towards the surface. The surface is almost 
free of defects. Combining SEM images at different 
magnifications reveals that the AM61 alloy exhibits 
the highest defect density in the center. The AM61 
alloy shows more aggregated defects in the center, 
with individual defects occupying a significantly 
larger area than in the AM60 alloy. In contrast, the 
AM60-0.2Ce and AM60-0.2La alloys demonstrate  
a significant reduction in the number of defects 
compared to the AM60 alloy, with a notable decrease 
in pore size. 

The AM60 and AM60-0.2La alloys were 
selected for the TEM analysis. Typical TEM images 
of irregularly shaped and massive phases in the 
AM60 samples are shown in Fig. 6. As depicted in 
Fig. 6(b), aluminum and manganese elements are 
uniformly distributed. Based on the high-angle 
annular dark field (HAADF) imaging, EDS    
energy spectrum (Fig. 6(b)), and the corresponding 
selected area electron diffraction (SAED) patterns 
(Figs. 6(c−h)), the irregularly shaped Mg−Al phase 
was confirmed to be Mg17Al12, with a body-centered 
cubic structure (lattice constant a=1.056 nm). The 
massive Al−Mn phases were identified as Al8Mn5, 
with a body-centered cubic structure (lattice constant 

a=0.901 nm). 
Figure 7 illustrates typical TEM images of 

aggregated bar, globular, irregular elongated, and 
irregular spherical phases in AM60-0.2La samples, 
which exhibit significantly different morphologies 
compared to the AM60 alloy. Based on the HAADF 
plot (Fig. 7(f)), EDS maps (Fig. 7(g)), and the 
corresponding SAED patterns, the aggregated bar-
like and globular phases in the AM60-0.2La alloy 
were identified as two different morphologies of the 
Mg17Al12 phase. The irregular elongated Al−La 
phase was identified as the Al11La3 phase, with a 
body-centered rhombohedral structure (lattice 
constants a=0.44 nm, b=1.01 nm, and c=1.31 nm). 
The irregular spherical Al−Mn−La phase was 
identified as the Al8Mn4La phase, with a body-
centered tetragonal structure (lattice constants 
a=0.91 nm, and c=0.51 nm). 

Compared to the AM60 alloy, the AM60-0.2La 
alloy displayed a change in the type of the secondary 
phase, with the absence of the Al8Mn5 phase and the 
appearance of the Al11La3 and Al8Mn4La phases. 
Notably, both Al8Mn4RE and Al11RE3 phases have 
high melting points, especially Al11RE3 phase, which 
has a melting point as high as 1240 °C, favoring 
improved YS and creep resistance [12]. 

 
3.3 Die-casting defects 

Figure 8 illustrates the pore distribution and 
morphology via X-ray tomography. The CT images  

 

 
Fig. 6 TEM images of AM60 alloy: (a) BF-TEM image; (b) HAADF image and corresponding EDS spectra; BF-TEM 
images (c, e, g) and corresponding SAED patterns (d, f, h) for various secondary phases 
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Fig. 7 TEM images of AM60-0.2La alloy: (a, c, h, j) BF-TEM images of secondary phases with distinct morphologies;    
(b, d, i, k) SAED patterns corresponding to (a, c, h, j), respectively; (e−g) Low-magnification BF-TEM micrograph (e) 
and HAADF image (f) and corresponding EDS map (g) 
 
(Figs. 8(a, e, i, m)) reveal that the AM61 alloy exhibits 
the highest pore density, while the AM60-0.2La alloy 
displays the lowest pore density. Defects are 
concentrated in the center of the cross-section, 
diminishing toward the surface. Region I in the 
center contains numerous large and irregular pores, 
including air pores, air-contracted pores, net-
contracted pores, island-contracted pores, and a 
mixed morphology. In the transition region II, the 
pore size gradually decreases, resulting in slightly 
more significant, aggregated, connected pores with 
complex morphologies. Small pores and island 
shrinkage porosity are observed near the surface in 
region III. These harmful defects are highly prone to 
evolving during the service life of the alloy, leading 
to the interconnection of defects. This results in the 
formation of larger defects, making the alloy more 
susceptible to failure. 

Further analysis yields the pore distribution 
scatter diagram and the total porosity rate diagram 
for different alloys (Fig. 9(a)). AM61 exhibits the 
highest volume-equivalent sphere diameter (Dves) 

and porosity, with a Dves of 212 μm, indicating the 
presence of large pores. In comparison, the largest 
Dves for AM60-0.2La is only 79 μm. The porosity 
rates for AM60, AM61, AM60-0.2Ce, and AM60-
0.2La are 0.030%, 0.057%, 0.015%, and 0.006%, 
respectively. The number and area fractions of large 
pores with a Dves over 65 μm (pores with a volume > 
135000 μm3) are also counted and presented in 
Fig. 9(b). AM61 has the highest number of large 
pores, whereas the addition of 0.2 wt.% La results in 
the fewest large pores. 
 
3.4 Mechanical properties 

Figure 10 presents the tensile engineering stress− 
strain curves of the AM60 based die-casting alloys. 
Table 2 shows the UTS, YS, and EL at RT. The 
AM60 alloy exhibits a YS of (152±1.0) MPa, a UTS 
of (280.3±1.5) MPa, and an EL of (19.9±0.8)%. The 
content of Mn was incrementally adjusted from 
0.31 wt.% to 0.59 wt.%, leading to a slight decrease 
in both the YS and UTS, whereas a notable increase 
was observed in the EL. This phenomenon might be  
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Fig. 8 3D reconstructed images of HPDC AM60 based alloys: (a−d) AM60; (e−h) AM61; (i−l) AM60-0.2Ce;       
(m−p) AM60-0.2La; (a, e, i, m) Overall 3D images; (b−d, f−h, j−l, n−p) Enlarged views of regions I, II, and III in       
(a, e, i, m), respectively 
 

 
Fig. 9 (a) Scatter diagram of pore distribution and porosity rate in HPDC AM60 based alloys; (b) Comparison diagram 
of number fraction and volume fraction of pores with Dves>65 μm (V >135000 μm3) 
 
attributed to variations in the internal porosity 
density of the alloy. Notably, the mechanical 
properties of AM60-0.2Ce and AM60 alloys exhibit 

remarkable similarity. The introduction of La as a 
microalloying element significantly enhanced the 
comprehensive mechanical performance of the AM60 
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alloy under the experimental conditions in this  
study. Specifically, the AM60-0.2La alloy achieved 
the UTS, YS, and EL of (288.0±1.7) MPa, 
(158.0±1.0) MPa, and (22.0±3.0)%, respectively. 
These alloys demonstrate a superior combination  
of strength and plasticity compared to other 
commercial alloys such as AZ91D, AM40, and  
AE44 [13−15]. Among commercial and newly 
developed HPDC magnesium alloys, the studied 
alloys exhibit the highest mechanical properties, as 
shown in Fig. 10(b). 
 

 
Fig. 10 (a) Tensile curves and corresponding mechanical 
properties of HPDC AM60 based alloys; (b) UTS and  
EL of various HPDC Mg alloys in this work and from 
Refs. [6−8,13,14,16−26] 
 
Table 2 Mechanical properties of HPDC AM60 based 
alloys 

Alloy UTS/MPa YS/MPa EL/% 

AM60 280.3±1.5 152.0±1.0 19.9±0.8 

AM61 278.0±2.6 148.3±1.5 24.4±1.6 

AM60-0.2Ce 281.7±0.6 158.0±2.4 18.4±0.7 

AM60-0.2La 288.0±1.7 158.0±1.0 22.0±3.0 

Additionally, Fig. 11 reveals an abundance   
of ESCs in the center region of the cross-section, 
predominantly exhibiting cleavage fractures. 
Dimples with a few cleavage planes primarily 
characterize the transition region. The surface region 
displays refined grains, presenting a relatively 
smooth fracture surface with a ductile fracture 
pattern characterized by dimples. This characteristic 
is also observed in AZ91-Y based die-casting  
alloys [27]. Small dimples result from grain 
boundary cracks caused by stress transfer along the 
grain boundaries, known as transgranular fracture 
(ductile fracture). The cleavage steps indicate crack 
propagation of intermetallic compounds along the 
grain boundaries, referred to as intergranular fracture 
(brittle fracture). Therefore, the fracture patterns 
among different alloys show minimal variation, 
suggesting that the failure mode of the alloys is a 
mixture of ductile and brittle fractures. 
 
3.5 Corrosion properties 

Figure 12 depicts the corrosion properties of 
HPDC AM60 based alloys immersed in 3.5 wt.% 
NaCl solution for 168 h. The corrosion rate in the 
initial 36 h of immersion is slow. The cumulative 
hydrogen evolution volume for AM60, AM61, 
AM60-0.2Ce, and AM60-0.2La is 1.26, 2.65, 0.78, 
and 0.76 mL/cm2, respectively, with AM60-0.2La 
exhibiting the lowest hydrogen evolution volume. 
The calculated hydrogen evolution rate increases 
from 0.48 mm/a for AM60 to 0.86 mm/a for AM61 
but decreases to 0.31 and 0.29 mm/a with the 
addition of Ce and La, respectively. The corrosion 
rate of the AM60-0.2La alloy is marginally lower 
than that of high-purity magnesium (0.3 mm/a) [28], 
indicating superior corrosion resistance. Compared 
to the stainless magnesium alloy Mg−11Y−1Al 
(0.17 mm/a in 3.5 wt.% NaCl solution) developed  
by Shanghai Jiao Tong University, China [29], the 
performance difference of AM60-0.2La is not 
substantial, demonstrating its competitive corrosion 
resistance. 
 
3.6 Fluidity 

The fluidity of alloy melts is a crucial factor 
determining the castability of die-casting magnesium 
alloys [30]. Generally, superior fluidity enhances the 
capability to heal the hot tears and pores induced by 
solidification shrinkage, producing castings with 
reduced hot tearing susceptibility [31]. The fluidity 
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Fig. 11 SEM images of cross-sections of HPDC AM60 based alloys after tensile fracture: (a−d) AM60; (e−h) AM61;  
(i−l) AM60-0.2Ce; (m−p) AM60-0.2La; (a, e, i, m) Overall fracture morphologies; (b−d, f−h, j−l, n−p) Enlarged images 
of regions Ⅰ, Ⅱ, and Ⅲ corresponding to (a, e, i, m), respectively 
 

 
Fig. 12 Corrosion behavior of HPDC AM60 based alloys immersed in 3.5 wt.% NaCl solution for 168 h: (a) Hydrogen 
evolution volume−time curves; (b) Corrosion rate bar chart 
 
of the four alloys was also investigated, and the 
results are shown in Fig. 13. The decreasing trend  
in fluidity among the four alloys is AM60-0.2La > 
AM60-0.2Ce > AM60 > AM61. It is obvious, that 

incorporating trace amounts of La significantly 
enhances the fluidity of the AM60 alloy by 74%. 
Conversely, increasing Mn content slightly decreases 
the flow length of the AM60 alloy. This may be one 
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Fig. 13 Macro-view photographs of HPDC AM60 based alloys in fluidity test: (a) AM60; (b) AM61; (c) AM60-0.2Ce; 
(d) AM60-0.2La 
 
of the reasons for the high defect density in AM61 
alloy, leading to low performance and weak 
corrosion resistance. 
 
4 Discussion 
 
4.1 Effect of alloying on mechanical properties 

The mechanical properties of HPDC magnesium 
alloys depend primarily on the grain size, secondary 
phase constituents, and defects (such as ESCs and 
porosity). In the case of die-casting magnesium  
alloy, the primary strengthening mechanisms involve  
solid solution strengthening, secondary phase 
strengthening, and grain refinement strengthening. 
Given the minor amounts of Mn, Ce, and La added 
in this study, the contributions of solid solution 
strengthening and secondary phase strengthening are 
considered negligible. 
4.1.1 Grain refinement 

According to the Hall−Petch relationship [32], 

the grain refinement significantly enhances the 
strength of alloys, particularly the YS. In addition, it 
serves as an effective method to enhance the ductility. 
The AGS (the average grain size in center, transition, 
and surface regions) of AM60 alloy is ~20.8 μm, 
while those of AM61, AM60-0.2Ce, and AM60-
0.2La alloys are ~22.6, ~14.6, and ~15.9 μm, 
respectively. The addition of Ce and La led to the 
grain refinement in three regions. Compared to 
numerous alloys in Fig. 10(b), the AM60 based 
alloys developed in this study exhibit satisfactory 
grain refinement. 

The fine grain primarily stems from solute 
atoms and the secondary phase of the alloy.   
Solute elemental segregation promotes additional 
nucleation, inhibiting the grain growth, a pheno- 
menon termed compositional supercooling. The 
direct contribution of compositional supercooling 
induced by Mn to the grain refinement may be 
somewhat limited [33]. This may be why AM61 
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alloy only has grain refinement in the surface region 
and excessive areas. The grain refinement observed 
in AM60-0.2Ce and AM60-0.2La alloys is primarily 
attributed to compositional supercooling of the 
solute atoms [34] and grain confinement of the 
Al11RE3 phase due to the synergistic refining effect 
of heterogeneous nucleation [35]. 
4.1.2 Die-casting defects 

The HPDC process, characterized by slow 
pressure injection, fast filling, and rapid cooling, 
often causes defects such as pre-crystallization, 
porosity, and shrinkage, which negatively impact the 
mechanical properties of the parts [36]. 

The fluidity of die-casting alloys significantly 
influences the formation of ESCs by affecting 
solidification time. Increasing Mn content decreases 
the alloy fluidity, prolongs flow time during injection, 
and promotes larger ESCs. Figure 3(m) illustrates 
that the center of the AM61 alloy has a higher 
number fraction of ESCs compared to the AM60 
alloy, with ESCs occupying the largest area fraction. 
Moreover, shorter injection flow time decreases the 
formation probability and size of the ESCs. 

The aggregation of ESCs influences pore 
formation: fewer ESCs lead to smaller-sized pores  
or island-like shrinkage, while a greater number   
of ESCs result in larger-sized mesh or island-      
like shrinkage. Numerous studies [37−39] have 
demonstrated that the strength and elongation of 
HPDC magnesium alloys are related to the pore 
volume fraction. LI et al [37] reported that irregularly 
shaped shrinkage, including net and air shrinkage, is 
the primary source of crack initiation, significantly 
detrimental to the mechanical properties of castings. 
Similarly, ZHANG et al [40] found that the largest 
pore in HPDC alloys has the most detrimental impact 
on the mechanical properties. 

Sphericity differentiates pore types, with a 
value between 0 and 1, where 1 indicates a perfect 
sphericity. Figure 14 presents the sphericity statistics 
for all pores in the four alloys based on Micro-CT 
data, revealing significant differences in pore 
sphericity among the four alloys. Compared to the 
AM60 alloy, the pore sphericity decreases with 
increasing the Mn content and the addition of    
rare earth elements, with the size ranking AM60 > 
AM61 > AM60-0.2La > AM60-0.2Ce. 

Figures 15(a−d) show the scatter plots of 
sphericity versus Dves of defects in the four AM60 
based alloys. Defects with sphericity less than 0.6 are 

 

 
Fig. 14 Sphericity statistics of pores of HPDC AM60 
based alloys (μ is average sphericity; σ is standard  
deviation of sphericity) 
 
shrinkage porosity; those with sphericity greater than 
0.6 are stagnant air entrapment. AM60 alloy has 
many air entrapments, while AM61 alloy shows 
reduced entrapments but increased shrinkage 
porosity. AM60-0.2Ce and AM60-0.2La alloys 
significantly reduce entrapments and the Dves of low-
sphericity shrinkage porosity compared to AM60, 
with AM60-0.2La being more effective. This study 
reveals that shrinkage porosity negatively impacts 
mechanical properties of HPDC alloys more greatly 
than high sphericity pores. 

Figures 15(e−h) show the 3D morphologies of 
the most prominent pores in the four AM60 based 
alloys from Micro-CT data. The AM61 alloy has the 
largest pore with the Dves of 212.43 μm and the 
lowest sphericity, making it more hazardous to 
mechanical properties than AM60. In contrast, the 
maximum Dves values of AM60-0.2Ce and AM60-
0.2La alloys are significantly reduced. Despite 
AM60-0.2La having a larger maximum Dves than 
AM60-0.2Ce, it has fewer and smaller volume 
fraction of pores larger than 65 μm in Fig. 9, 
decreasing crack initiation likelihood. Thus, defects 
in AM60-0.2La are the least detrimental to 
mechanical properties. 
 
4.2 Effect of alloying on corrosion properties 

For magnesium alloys, the impurity content, 
grain size, secondary phases, and defects are key 
factors affecting corrosion behavior. The decreasing 
corrosion resistance of the four alloys is as follows: 
AM60-0.2La > AM60-0.2Ce > AM60 > AM61. 
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Fig. 15 Relationship between sphericity and Dves of defects (a−d) and 3D morphologies of largest pore (e−h) in HPDC 
AM60 based alloys: (a, e) AM60; (b, f) AM61; (c, g) AM60-0.2Ce; (d, h) AM60-0.2La 
 
4.2.1 Impurity content 

During the melting process, magnesium alloys 
tend to generate non-metallic inclusions, with 
impurity elements, notably Fe, posing a substantial 
threat to their corrosion resistance [41]. Research 
indicates that increasing the Mn content can 
effectively mitigate Fe content. Adding RE elements 
can reduce the inclusion content [42], thereby 
enhancing the purification of the magnesium    
melt and subsequently improving corrosion 
resistance [43]. Therefore, adding Mn, La, and Ce 
will decrease the corrosion rate of AM60 alloy. 
4.2.2 Secondary phase 

The contents of the secondary phases (Mg17Al12 
and Al11RE3) in the four AM60 based alloys are 
calculated by Pandat software, as listed in Table 3. 

The addition of Mn does not alter the composition of 
the secondary phase in the alloy and slightly reduces 
the content of Mg17Al12. The addition of RE elements 
Ce and La is helpful for precipitating the Al11RE3 
intermetallic phase and inhibiting the precipitation  
of the Mg17Al12 phase [44], with La having a more 
pronounced effect. 
 
Table 3 Contents of Mg17Al12 and Al11RE3 phases in four 
AM60 based alloys (wt.%) 

Alloy Mg17Al12 Al11RE3 

AM60 0.684899 − 
AM61 0.684897 − 

AM60-0.2Ce 0.684765 0.000126 
AM60-0.2La 0.684574 0.000198 
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The corrosion behavior is related to the 
electrode potential difference between different 
phases, which can lead to different degrees of 
galvanic coupling corrosion. This corrosion occurs 
due to varying potential differences between the 
secondary phase of different compositions and the 
magnesium matrix [45]. 

Incorporating RE elements Ce and La results  
in the precipitation of the Al11RE3 phase while 
suppressing the formation of the Mg17Al12 phase. In 
a study by LIU et al [46], the potential of the 
Mg17Al12 phase is 26 mV lower than that of the α-Mg 
phase, whereas the potential of the Al11RE3 phase is 
only 8 mV lower than that of the α-Mg phase. 
Consequently, the Al11RE3 phase will decrease the 
micro-galvanic corrosion of magnesium alloy, 
similar to the corrosion law found by GALICIA    
et al [47]. Additionally, RE elements facilitate the 
generation of Al−RE oxides and hydroxides, thereby 
densifying the corrosion products of AM60-RE alloy 
and enhancing its protective capacity [48]. Hence, 
the addition of La and Ce will decrease the corrosion 
rate of AM60 alloy. 
4.2.3 Defects 

For die-casting magnesium alloys, casting 
defects such as shrinkage and porosity significantly 
impact the corrosion performance. Corrosion 
typically initiates at these casting defects and 
intensifies over time, spreading throughout the 
matrix. AM61 alloy exhibits more casting defects 
than AM60 alloy, increasing the actual surface area 
of the sample and leading to more pronounced 
directional corrosion. In contrast, AM60-0.2Ce and 
AM60-0.2La alloys have significantly reduced 
casting defects, enhancing their corrosion resistance. 
Therefore, adding Mn to AM60 alloy substantially 
increases its corrosion rate, while adding La and Ce 
decreases it. 
 
4.3 Effect of alloying on fluidity 

The decreasing fluidity order of the four  
alloys is as follows: AM60-0.2La > AM60-0.2Ce >  
AM60 > AM61. This variation in fluidity can be 
attributed to two primary factors. Firstly, the content 
of the Al8Mn5 phase before the precipitation of α-Mg 
phase in AM60 based alloys was calculated by 
Pandat software (Table 4). The higher Mn content in 
AM61 leads to the increased Al8Mn5 phase, whereas 
the minor additions of Ce and La decrease its content. 
The precipitation of phases like Al8Mn5 before α-Mg 

increases the melt viscosity, thus reducing fluidity 
[49,50]. Secondly, the diffusion coefficients [51,52] 
of elements in Mg melt, following the decreasing 
order of La > Ce > Al > Mn, contribute to higher 
fluidity due to faster diffusion rates. 
 
Table 4 Al8Mn5 phase content before α-Mg phase 
precipitation in AM60 based alloys 

Alloy Al8Mn5 phase content/wt.% 

AM60 1.50×10−6 

AM61 1.84×10−6 

AM60-0.2Ce 3.08×10−7 

AM60-0.2La 2.15×10−7 
 
5 Conclusions 
 

(1) The microstructures of AM60 based die- 
casting alloys mainly comprise larger ESCs and fine 
equiaxed crystals. The addition of Mn, Ce, and La 
reduces the grain size of AM60 alloy. However, in 
AM61 alloy, ESCs have the highest proportion. The 
decreasing order of alloy porosity rate is as follows: 
AM61 > AM60 > AM60-0.2Ce > AM60-0.2La. 

(2) The room temperature tensile test results  
of the four AM60 based alloys demonstrate an 
excellent balance between strength and plasticity. 
The strengthening methods are mainly fine crystal 
strengthening, and defects such as pre-crystallization 
and large porosity damage the strength and plasticity 
of the alloy. AM60-0.2La alloy exhibits the optimal 
mechanical performance, with a UTS of 
(288.0±1.7) MPa, a YS of (158.0±1.0) MPa, and an 
EL of (22.0±3.0)%. 

(3) The corrosion resistance of the four AM60 
based alloys from high to low is ranked as follows: 
AM60-0.2La > AM60-0.2Ce > AM60 > AM61. 
AM60-0.2La exhibits the best corrosion resistance, 
with a corrosion rate of 0.29 mm/a, approximately 
40% lower than that of the AM60 alloy. It can be 
attributed to the purification effect of La on the 
magnesium melt, the precipitation of the Al11RE3 
phase with a low potential difference, and the 
achievement of the lowest porosity. 

(4) The fluidity of the alloys from high to low  
is ranked as follows: AM60-0.2La > AM60-0.2Ce > 
AM60 > AM61. The incorporation of Mn, Ce,   
and La elements impacts the quantity of the 
preferentially precipitated Al8Mn5 phase, thus 
affecting the fluidity. Furthermore, the variation in 
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diffusion coefficients of elements in the magnesium 
melt contributes to the difference in fluidity observed 
among AM60-based alloys. 
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摘  要：采用含量低于 0.2%(质量分数)的 Mn、Ce 和 La 微合金化方法对商业 AM60 (Mg−6Al−0.3Mn)压铸镁      

合金进行改性。通过扫描电镜、透射电镜和显微 CT 等方法对 AM60 系合金的显微组织和力学性能进行表

征。AM60-0.2La 合金表现出优异的力学性能，其极限抗拉强度、屈服强度和伸长率分别达到(288.0±1.7) MPa、

(158.0±1.0) MPa 和(22.0±3.0)%。此外，在所研究的 4 种合金中，AM60-0.2La 合金的耐蚀性(0.29 mm/a)和流动性

最好。其优异的力学性能和耐腐蚀性能主要归因于细晶强化、低孔隙率和低大缩孔含量，有望应用于超大型一体

化汽车零部件。 

关键词：镁合金；显微组织；力学性能；高压压铸；一体化汽车零部件 
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