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Abstract A new high-pressure die-cast (HPDC) Mg–4Al–

3La–1Ca–0.3Mn (ALaX431) alloy with high strength has

successfully been fabricated. This HPDC alloy in peak-

aged state exhibits tensile yield strength (TYS) of 220 MPa

at room temperature and TYS of 145 MPa at 250 �C,

higher than the corresponding strength of HPDC Mg alloys

reported so far. These high strengths are mainly due to the

formation of fine grained structure, semi-continuous retic-

ular structure consisting of stable Al3La and (Mg,Al)2Ca

particles along grain boundaries and numerous nanoscale

Al2Ca precipitates within grains. Due to its higher strength

than existing HPDC Mg alloys, the new developed alloy

has great application potential.

Keywords Magnesium alloys; High-pressure die-cast;

Mechanical property; Intermetallic phase

1 Introduction

High-pressure die-cast (HPDC) Mg–Al–RE (RE = rare

earth)-based alloys have been becoming a potential material

in the automotive applications due to its light weight and

acceptable comprehensive performances such as good

castability, mechanical and anti-corrosion properties [1–4].

As a representative alloy in this system, AE44 (E represents

Ce-rich mischmetal) alloy has been successfully applied to

the engine cradle [2, 5]. Nevertheless, its strength is still far

from the alloys such as high-strength Al alloys and next-

generation steel. In addition, relatively high cost also limits

its widespread use in industrial production. To solve the

above issues, researchers have begun to focus on combina-

tion of cheap alkaline earth elements and optimized RE to

develop new higher performance HPDC Mg alloys.

Related studies have shown that calcium (Ca) can

enhance the strength and creep resistance of Mg–Al-based

alloys under certain conditions [6–12]. For example, Yang

et al. [11] reported that addition of Ca to HPDC Mg–4Al–

2RE (Ce-rich mischmetal) alloy can enhance yield

strength by forming strong intermetallic skeleton. Zhang

et al. [12] found that the addition of Ca can effectively

improve the creep resistance of the metal mold-casted

Mg–4Al–1RE (Ce-rich mischmetal) alloy. On the other

hand, the previous research showed that the kind of RE

elements could affect the microstructures and mechanical

properties of Mg alloys [13–22]. Anyanwu et al. [21]

found that La addition can enhance the creep resistance of

Mg–0.6Zn–6Al–1Ca alloy more effectively than Ce-rich

mischmetal. More recently, Zhang et al. [13, 14, 16] and

Zhu et al. [22] reported that the Mg–4Al–4La (ALa44)

alloy exhibits superior strength, and creep resistance

compared to the Mg–4Al–4Ce (ACe44) and Mg–4Al–4Nd

(ANd44) alloys.
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Based on the above analysis, it is feasible to develop

new Mg–Al–La–Ca alloys with outstanding mechanical

properties. Additionally, we try to apply short-term aging

treatment in HPDC Mg–Al–RE-based alloys so as to fur-

ther improve the alloy strength. In this paper, the

microstructure and mechanical properties of a newly

designed HPDC Mg–4Al–3La–1Ca–0.3Mn (ALaX431)

alloy are reported. The results make-up a basis for the

development of high performance HPDC Mg alloys.

2 Experimental

The Mg–4Al–3La–1Ca–0.3Mn (ALaX431) alloy was pro-

duced from pure Mg, pure Al, Mg–23 wt%La, Mg–

28 wt%Ca and Mg–2 wt%Mn master alloys. The alloy was

melted in an electric resistance furnace under CO2 ? SF6

mixed gas protection. When the temperature reached to *
740 �C, the melt was stirred for * 10 min. After cooling to

(700 ± 5) �C, the melt was poured into a die preheated

to * 240 �C. Finally, tensile test bars with diameter of 6 mm

and length of 60 mm were produced by a cold chamber die-

cast machine. The chemical compositions of the obtained

alloy determined by inductively coupled plasma atomic

emission spectrum (ICP-AES, ICAP6300) were Mg–3.9Al–

3.2La–0.84Ca–0.32Mn (wt%). Some HPDC tensile test bars

were further aged at (200 ± 2) �C for various durations.

The tensile tests were performed using an Instron 5869

tensile testing machine under an initial strain rate of

1.0 9 10-3 s-1 at room temperature (RT, 20 �C), 150, 200

and 250 �C, respectively. The tensile data showed in this

study were the average of at least four valid measurements

to ensure reliability. Samples for microstructural analysis

are from the middle part of the tensile bars. The

microstructure of the as-cast and peak-aged alloy was

characterized by optical microscope (OM, Olympus-

GX71), X-ray diffraction (XRD, D/max2500PC, Bruker

D8 FOCUS) with Cu Ka radiation (k = 0.15406 nm),

backscatter scanning electron microscope (SEM, Hitachi

S-4800) and transmission electron microscope (TEM, FEI

Tecnai G2 F20) equipped with an energy dispersive spec-

trometer (EDS). Specimens for OM or SEM observation

were etched in a 4% HNO3/C2H5OH solution for about

15 s. Thin foils for TEM observation were prepared using a

precision ion polishing system (PIPS Gatan).

3 Results and discussion

3.1 Microstructure of as-cast ALaX431 alloy

Figure 1a shows OM image of as-cast ALaX431 alloy. It is

clear that the microstructure is consisted of a-Mg grains

and intermetallic phases along grain boundaries. Using the

line intercept method, the average grain size is measured to

be (8.3 ± 0.5) lm. According to relevant literature reports

[23, 24], the grain sizes of HPDC Mg–4Al–4RE (RE = Ce-

rich mischmetal, Ce, La) and Mg–Al–Ca-based alloys are

generally above 10 lm. It can be inferred that the co-ad-

dition of Ca and La is more effective in grain refinement of

Mg–Al-based alloys than the addition of RE or Ca alone.

The magnified backscatter SEM image shows that the

intermetallic phases in ALaX431 alloy mainly present

three morphologies, i.e., acicular, lamellar and irregular

block shapes (Fig. 1b). These intermetallics with *
0.5–3.0 lm in length and 100–500 nm in width are mainly

distributed on the grain boundaries and interconnected to

form a semi-continuous reticular structure.

To confirm these intermetallic phases formed in as-cast

ALaX431 alloy, phase morphology and structure were

further characterized by TEM. Figure 2a–c shows respec-

tively the bright-field TEM (BF-TEM) image, the corre-

sponding selected area electron diffraction (SAED) pattern

and EDS analysis result of phase with acicular shape.

SAED pattern is highly consistent with that of Al3La phase

reported previously [25]. EDS analysis indicates that the

Al/La ratio is 3.08, further confirming that the acicular

phase is Al3La phase. Figure 2d represents BF-TEM image

of phases with acicular shape and lamellar shape, and

based on the corresponding SAED patterns (Fig. 2e, f),

both the acicular and lamellar phases are confirmed as

Al3La phase. It should be noted that the similar phases with

acicular or lamellar morphologies are commonly identified

as Al11RE3 phase in previously reported Mg–Al–RE-based

alloys [13, 14, 22]. This new Al3La phase has also been

confirmed in ALaM440 alloy in our recently work [25],

which has monoclinic structure and cell parameters of

a = 0.4437 nm, b = 0.4508 nm, c = 0.9772 nm and

b = 103.5�. BF-TEM image of the irregular block phase

(inside the yellow dashed box) is shown in Fig. 3a. The

corresponding SAED pattern (Fig. 3b) and EDS analysis

result (Fig. 3c) show that the irregular block particles are

(Mg,Al)2Ca phase (a = 0.594 nm, and c = 1.971 nm) with

a dihexagonal C36 crystal structure [26, 27].

Figure 4 shows XRD pattern of the as-cast sample. The

diffraction peaks of Mg, Al3La and (Mg,Al)2Ca phases are

identified from XRD pattern, while other diffraction peaks

for Al-RE phases such as Al11La3 or Al2La are not found,

further confirming that the acicular/lamellar phase is Al3La

but not Al11La3 phase in the studied alloy.

3.2 Microstructure of peak-aged ALaX431 alloy

The HPDC ALaX431 alloy reaches the peak yield strength

when aged at 200 �C for 144 h; hereafter, the sample aged

at 200 �C for 144 h is denominated as peak-aged sample.
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The OM and backscatter SEM images of the peak-aged

alloy are shown in Fig. 5. The average grain size is mea-

sured to be (8.7 ± 0.3) lm, indicating that the grain size of

studied alloy is almost unchanged, and the grain boundaries

are stable after peak aging treatment. Moreover, it can be

seen that the morphology and distribution of intermetallic

phases have no discernible changes after peak aging

treatment.

The microstructure of peak-aged sample was further

characterized by TEM to try to find out the microstructure

features and changes. The acicular/lamellar particles, like

those in the as-cast sample, are still Al3La phase based on

analysis of BF-TEM images and corresponding SAED

patterns (Fig. 6a–c). The irregular particle connected with

Al3La phase is determined as (Mg,Al)2Ca phase as that in

as-cast sample, based on the corresponding SAED pattern

and TEM-EDS mappings (Fig. 6b, d–j). In addition, the

fine elliptic phase is observed on side of the Al3La phase

from the high resolution TEM (HRTEM) image (Fig. 6a),

which is not found in the as-cast sample, and corresponding

fast Fourier transform (FFT) pattern (Fig. 6c) suggests that

the elliptical phase is Al6Mn, and it follows an orientation

Fig. 1 a OM image and b SEM image of as-cast ALaX431 sample

Fig. 2 a BF-TEM image, b corresponding SAED pattern and c EDS result for acicular phase; d BF-TEM image showing phases with acicular

shape and lamellar shape and e, f corresponding SAED patterns from local regions indicated by A and B in d
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relationship (OR) with Al3La phase as: �110½ �Al6Mn//

[100]Al3La and (111)Al6Mn//(010)Al3La. EDS mappings indi-

cate that Mn atoms tend to segregate into the Al3La phase

but not in the (Mg,Al)2Ca phase (Fig. 6f–j). This may be

the reason for the precipitation of fine Al6Mn particle on

the side of Al3La phase after aging.

Figure 7 presents TEM images, showing the main

microstructure changes after peak aging, i.e., aging pre-

cipitation. Numerous nanoscale precipitates with different

length of 10-60 nm and thickness of 1–2 nm parallel to the

(0001) basal plane are observed near grain boundary

(Fig. 7a) and within grain (Fig. 7b, c). Although SAED

pattern (Fig. 7d) cannot effectively identify the phase

structure due to its too small size, it is considered that they

are Al2Ca precipitates (fcc-based C15 structure,

a = 0.8022 nm) based on previous reports [28]. It is noted

the XRD pattern shown in Fig. 4 also fails to identify the

nanometer precipitation. After aging, the diffraction peaks

are still for Mg, Al3La and (Mg,Al)2Ca as those in the as-

cast sample. In addition, careful analysis of XRD shows

that the positions of (Mg,Al)2Ca phase diffraction peaks

shifted to higher degrees, indicating a decrease of the lat-

tice parameters of (Mg,Al)2Ca phase. The calculation

based on HRTEM analysis indicates the lattice parameters

of a and c for (Mg,Al)2Ca are 1.971 and 0.594 nm in as-

cast sample and 1.877 and 0.569 nm in peak-aged sample,

which is consistent with the XRD results. The relevant

mechanism needs further study.

3.3 Mechanical properties

Figure 8a shows the aging response of tensile yield

strength (TYS) for HPDC ALaX431 alloy at 200 �C up to

Fig. 3 a BF-TEM image, b corresponding SAED pattern and c EDS result for irregular block phase

Fig. 4 XRD patterns of as-cast and peak-aged ALaX431 samples

Fig. 5 a OM image and b SEM image of peak-aged ALaX431 sample
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168 h. The new HPDC alloy exhibits remarkable age

strengthening response (DTYS = 42 MPa). The TYS of as-

cast sample is 178 MPa, and the peak TYS value of

220 MPa is obtained at * 144 h. After peak aging, the

TYS decreases slowly. It is also implied that peak-aged

alloy is not suitable for prolonged use at high temperatures

such as 200 �C in order to maintain a high TYS of

220 MPa at RT. This study demonstrates that some HPDC

alloy can also be strengthened by aging, and the newly

designed ALaX431 HPDC alloy has obvious age

strengthening effect. Figure 8b shows the representative

tensile strain–stress curves for both as-cast and peak-aged

ALaX431 samples at RT (20 �C), 150, 200 and 250 �C.

The tensile properties including ultimate tensile strength

(UTS), TYS and elongation to failure (e) of the present

ALaX431 alloy and recently reported HPDC Mg alloys are

summarized in Table 1 [1, 11, 13, 16, 23, 29–31]. The as-

cast sample exhibits excellent combination of strength and

ductility regardless of RT or high temperatures up to

250 �C. After aging, the TYS of peak-aged alloy is further

improved obviously at RT or high temperatures, and the

ductility remains at an acceptable level (6.3% at RT)

despite some decrease. Through extensive comparison, it is

found that the TYS of new HPDC ALaX431 alloy at peak-

aged state is highest of all the reported HPDC Mg alloys at

RT and high temperatures as far as the authors are aware.

Compared with the commercial HPDC AE44 alloy, the

TYS (220 MPa) of the new alloy in peak-aged state at RT

is 72 MPa higher than that of the AE44 alloy (148 MPa),

and the TYS of 145 MPa at 250 �C is 56 MPa higher than

that of the AE44 alloy (89 MPa).

It is considered that the strengthening of HPDC

ALaX431 alloy in peak-aged state is at least related to the

following factors. Firstly, the ALaX431 alloy owns fine

grained structure due to the high cooling rate in HPDC

process and the constitutional supercooling of co-addition

of La and Ca, providing the effective fine-grain strength-

ening. By comparison, it is found that the grain size

(* 8–9 lm) of new ALaX431 alloy is smaller than that of

most HPDC Mg alloys reported previously, including

commercial AE44 alloy (10–20 lm [23]). Secondly, the

semi-continuous reticular structure consisting of Al3La and

(Mg,Al)2Ca particles is formed on grain boundaries of the

ALaX431 alloy. The type, size and distribution of inter-

metallic phases would influence their strengthening effect.

It has been reported that the main intermetallic phase Al3La

Fig. 6 a HRTEM image of lamellar phase and elliptical phase along with c corresponding FFT; b BF-TEM image of irregular phase and

d corresponding SAED pattern; e high-angle annular dark-field scanning TEM (HAADF-STEM) image along with f–j EDS mappings
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in ALaX431 alloy has higher bulk modulus (66.2 GPa)

than the C15, C36 phases (\ 58 GPa) in AX51 and AX52

alloys [11, 25], and Al3La phase ordinarily has finer size

than the Al11La3 phase in HPDC Mg alloys [25].

Moreover, Al3La and (Mg,Al)2Ca phases have the higher

melting point than the common intermetallic Mg17Al12

phase in Mg–Al bases alloys such as AZ91, and they barely

change before and after aging in this study, suggesting the

Fig. 7 a BF-TEM image showing precipitation near grain boundary; b–d BF-TEM images showing precipitates within grain along with

corresponding SAED pattern

Fig. 8 a Variation of TYS as a function of aging time at 200 �C in ALaX431 alloy; b representative tensile curves of as-cast and peak-aged

samples at different temperatures
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relatively high stability of these two intermetallic phases.

Therefore, it is considered that the formation of Al3La and

(Mg,Al)2Ca semi-continuous reticular structure along grain

boundaries would contribute to high strength at RT and

high temperatures. Thirdly, after peak aging, a large

number of nanoscale precipitates are formed in grains of

ALaX431 alloy, which is obviously the main reason for the

further improved strength of the peak-aged alloy.

4 Conclusion

In this work, a new HPDC Mg–4Al–3La–1Ca–0.3Mn

(wt%) alloy was fabricated. Fine grained structure along

with the semi-continuous reticular structure consisting of

Al3La and (Mg,Al)2Ca particles on grain boundaries were

formed in ALaX431 alloy due to HPDC process and co-

addition of La and Ca. After aging at 200 �C for 144 h, the

grain size (* 8–9 lm) and original Al3La and (Mg,Al)2Ca

intermetallics barely change. A few Al6Mn nano-particles

are precipitated next to Al3La, and the OR between them

is: (111)Al6Mn//(100)Al3La and [�110]Al6Mn//[010]Al3La. The

main microstructural change caused by aging is the for-

mation of numerous nanoscale Al2Ca precipitates in grains.

The HPDC ALaX431 alloy in peak-aged state reveals

the highest TYS among the HPDC Mg alloys reported so

far; TYS of 220 MPa at RT and TYS of 145 MPa at

250 �C have been obtained. The high strength is mainly

attributed to the formation of fine grained structure with

Al3La and (Mg,Al)2Ca particles along grain boundaries and

nanoscale Al2Ca precipitates in grains. The new developed

HPDC ALaX431 alloy in this work has more excellent

mechanical properties and cost performance than the

commercial HPDC AE44 alloy, and hence has good

application potential.
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