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Abstract: Mg-9Al-xPr (x=0.4, 0.8 and 1.2, mass fraction, %) magnesium alloys were prepared by high-pressure die-casting 
technique. The effects of Pr on the microstructures of die-cast Mg-9Al based alloy were investigated by XRD and SEM. Needle-like 
Al11Pr3 phase and polygon Al6Mn6Pr phase are found in the microstructure. With 0.4% Pr addition, fine needle-like Al11Pr3 phase and 
a small amount of polygon Al6Mn6Pr phase near the grain boundary are found in the microstructure. Increasing Pr addition to 0.8%, 
lots of coarse needle-like Al11Pr3 phase within grain and polygon Al6Mn6Pr phase on grain boundary are observed. Further increasing 
Pr addition, the size of needle-like Al11Pr3 phase decreases, while the size of polygon Al6Mn6Pr relatively increases. The mass 
fraction of Pr at around 0.8% is considered to be suitable to obtain the optimal mechanical properties. The optimal mechanical 
properties are mainly resulted from grain boundary strengthening obtained by precipitates and solid solution. 
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1 Introduction 
 

Due to the lower density, more and more 
magnesium alloy parts produced by high pressure die 
casting are applied to automobile industry. Some 
commercial Mg-Al alloys, such as AZ91D, AM60B and 
AM50A, have already been introduced into certain 
automobile parts of instrument panel, seat frame, steering 
wheel and so on[1]. Compared with steel and aluminum 
alloy, magnesium alloy is restricted in further application 
in the automobile field for its poor strength. Improving 
magnesium alloy strength by adding the rare earth 
elements is the most effective means. RE can be found in 
most new high-strength magnesium alloys which are 
currently developed[2−11]. Moreover, mixed rare-earth 
master alloy (Ce-La-Pr-Mg)[12−13] is often used for the 
development of Mg-RE alloy in most study. Pr has been 
usually used for the development of high-strength 
magnesium alloy. But Pr addition in Mg-RE alloy is 

always accompanied with other rare earth elements (the 
main elements are Ce and La) because there are 
interactions among different rare earth elements. They 
can lead to misunderstanding on the effect of Pr addition 
on the microstructure. There are few reports about the 
effect of single Pr addition on the magnesium alloy 
microstructure and mechanical properties. It is important 
to investigate the effect of single Pr addition on the 
microstructure and strengthening mechanism for new 
magnesium alloy design. This work has focused on the 
effect of single Pr addition on the microstructure and 
mechanical properties of Mg-9Al base alloy and tries to 
find its mechanism. 
 
2 Experimental 
 

Considering good castability, Mg-9Al base alloy 
was selected as basic alloy to develop the new alloy. 
Commercial AZ91D, pure Mg, Al, Mg-20%Pr master 
alloy and Al-10%Mn master alloy were used to fabricate 
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Mg-9Al-xPr alloys. The chemical compositions of the 
alloys were determined by inductively coupled plasma 
atomic emission spectroscopy (ICP-AES) and the results 
are listed in Table 1. 
 
Table 1 Chemical composition of studied alloy 

Mass fraction/% 
Alloy 

Al Mn Pr Zn Mg 
Mg-9Al-0.4Pr 9.25 0.48 0.39 0.62 Bal. 
Mg-9Al-0.8Pr 9.01 0.39 0.84 0.58 Bal. 
Mg-9Al-1.2Pr 8.94 0.42 1.15 0.55 Bal. 

 
The magnesium alloy melt was prepared at a steel 

crucible with melt capacity of 20 kg. A 630 t 
cold-chamber die casting machine was used to cast the 
metal into a four-cavity die producing two tensile bars of 
6 mm in diameter and 100 mm in gage length, and two 
tensile creep bars of 10 mm in diameter and 100 mm in 
gage length. For the entire casting trial, the melt 
temperature was not exceed 780 ˚C in alloying, and was 
controlled at 650−660 ˚C in die casting. For each alloy 
composition, at least 15 shots were made. The 
mechanical properties tests were carried out at room 
temperature and the value was the average of at least 4 
measurements. Metallographic samples were cut from 
the middle segments of the tensile or creep bars. To 
reveal microstructure, the specimen surfaces were etched 
with 4% nitric acid solution. The microstructure of 
sample was observed by using scan electron microscopy 
(JSM-5600lv) equipped with an X-radiation detector 
EDS. EDS analysis was performed with an accelerating 
voltage of 15 keV. The phase identification of these 
alloys was conducted by X-ray diffraction (D-MAXLL A) 
using Cu Kα radiation. 
 
3 Results and discussion 
 
3.1 Analysis of microstructures 

The XRD patterns of Mg-9Al-xPr alloys indicate 
that the alloys are mainly composed of α-Mg phase and 
Mg17Al12 phase (Fig.1). The intensities of α-Mg peaks 
are not proportional to the data from PDF cards, 
indicating the random distribution of grain orientations. 
The other diffraction lines are identified as Al6Mn6Pr and 
Al11Pr3. The increase of Pr content from 0.8% to 1.2% 
leads to a XRD pattern change of Mg-9Al alloys 
(Figs.1(a)−(c)). While Pr addition is 0.4%, the main 
intermetallic phase is Al11Pr3, and its reflection is low 
(Fig.1(a)). With the increasing of Pr addition, the 
reflection intensity of Al11Pr3 phase increases, and 
Al6Mn6Pr phase can be identified in XRD pattern 
(Figs.1(b)−(c)). 

The microstructures of Mg-9Al-xPr alloys under 
SEM microscope are shown in Fig.2, and EDS results are 

shown in Table 2. The α-Mg matrix, divorced eutectic, 
few kinds of precipitations can be observed in the 
microstructure. The grain size of the three kinds of  
 

 
Fig.1 X-ray diffraction patterns of Mg-9Al-xPr alloys:       
(a) Mg-9Al-0.4Pr; (b) Mg-9Al-0.8Pr; (c) Mg-9Al-1.2Pr 
 

 
Fig.2 SEM images of die-casting alloys: (a) AZ91+0.4Pr; (b) 
AZ91+0.8Pr; (c) AZ91+1.2Pr 
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Table 2 EDS analysis results of points in Fig.2 
Mole fraction/% 

Point 
Mg Al Pr Mn 

A 5.65 45.38 8.43 40.54 
B 15.78 67.85 16.37 − 
C 32.63 49.27 18.1 − 
D 12.35 36.45 6.38 44.82 
E 25.43 56.32 18.25 − 
F 4.86 68.69 26.45 − 
G 7.42 42.66 7.56 42.36 

 
compositions is about 20 µm which does not have 
obvious variety. With the increase of Pr addition, β phase 
(Mg17Al12) morphology changes from the thick bone 
shape to fine isolated island, and distributes in a 
non-netlike over grain boundary (Figs.2(a)−(c)). From 
Fig.2, three secondary phases can be observed in the 
near-grain boundary. One is lamellar Mg17Al12 phase 
(Figs.2(a)−(c)) near grain boundary which has higher 
aluminum content. The second is a polygon phase, and 
EDS analysis shows that it is Mn-rich phase[15] (Fig.2, 
points A, D, G). The third is needle-like phase and EDS 
analysis shows that it is Pr-rich phase (Fig.2, points B, C, 
E, F). Considering X-ray and EDS analysis results, it can 
be concluded that the polygon Mn-rich phase 
corresponds to Al6Mn6Pr, and needle-like Pr-rich phases 
corresponds to Al11Pr3. With 0.4% Pr addition, fine 
needle-like Al11Pr3 (Fig.2(a), point B) and a small amount 
of polygon Al6Mn6Pr (Fig.2(a), points A) phase near the 
grain boundary can be found in the microstructure. With 
0.8% Pr addition, coarse needle-like Al11Pr3 phase 
(Fig.2(b), point C) and coarse polygon Al6Mn6Pr phase 
(Fig.2(b), point D) on grain boundary are observed. 
Further increasing Pr addition to 1.2%, needle-like 
Al11Pr3 phase (Fig.2(c), point G) becomes more coarse, 
and its size increases obviously. The size of coarse 
polygon Al6Mn6Pr phase (Fig.2(c), point H) also 
increases quickly. Mg17Al12 phase morphology changes 
to be discontinuously net-like. 
 
3.2 Mechanical properties 

Table 3 shows mechanical properties of Mg-9Al-xPr 
alloys. It can be seen that ultimate tensile strength, yield 
strength, elongation, and hardness are improved while Pr 
content increases from 0.4% to 0.8%. When the Pr 
addition increases to 1.2%, the ultimate tensile strength, 
yield strength, elongation, and hardness have a slight 
decline. 

Fig.3 shows SEM images of tensile fractographs of 
 
Table 3 Mechanical properties of Mg-9Al-xPr alloys 

Alloy σb/MPa σs/MPa η/% HB 
Mg-9Al-0.4Pr 200 105 4.5 64 
Mg-9Al-0.8Pr 228 137 6.8 74 
Mg-9Al-1.2Pr 222 128 6.2 65 

 

 
Fig.3 Tensile fractographs of Mg-9Al-xPr alloys at room 
temperature: (a) Mg-9Al-0.4Pr; (b) Mg-9Al-0.8Pr; (c) 
Mg-9Al-1.2Pr 
 
Mg-9Al-xPr alloys at room temperature. It can be seen 
that the tensile fractures of Mg-9Al-xPr alloys are 
between cleavage fracture and quasi- cleavage fracture, 
which is as same as the most of Mg-9Al-RE alloys. Both 
of them have rough surface consisting of many facets 
and a few second phase particles on facets. By 
contrasting the fractograph of Mg-9Al-xPr alloys, more 
small round dimples and tear crackle edges are observed 
in the fractographs of Mg-9Al-0.8Pr and Mg-9Al-1.2Pr 
alloy. By comparing the fractographs of Mg-9Al-0.8Pr 
and Mg-9Al-1.2Pr alloy, it is found that the dimples and 
tearing edges in fractographs of Mg-9Al-0.8Pr alloy are 
slightly smaller than those of Mg-9Al-1.2Pr alloy. 
According to analysis of Mg-9Al-xPr alloy fractographs，
the ductility of Mg-9Al-xPr alloys is in accordance with 
the following order: Mg-9Al-0.8Pr>Mg-9Al-1.2Pr>Mg- 
9Al-0.4Pr. This result accords with tensile test and 
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microstructure. 
 
4 Conclusions 
 

The die casting microstructures of Mg-9Al-xPr 
alloys are mainly composed of α-Mg matrix and 
Mg17Al12. With single Pr addition, Al11Pr3 and Al6Mn6Pr 
phase can be found in the microstructure. With the 
increase of Pr content, the sizes of Al6Mn6Pr and Al11Pr3 
phase increase quickly. The increase of Al6Mn6Pr and 
Al11Pr3 phase size can cause a decline in mechanical 
properties. The mass fraction of 0.8%Pr is considered to 
be suitable to obtain the optimal mechanical properties. 
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