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Abstract 

Mg-Zn-Ce system has been identified as the alloy system for 
high-ductility wrought magnesium alloy development for 
automotive applications. The solidification microstructure and 
precipitation of Mg-Zn-Ce alloys were investigated to 
understand the phase equilibria and strengthening phases in this 
alloy system. The characterized microstructures of four 
directionally solidified Mg-Zn-Ce alloys agree well with the 
calculated solidification paths using computational 
thermodynamics coupled with the Scheil model. The 
precipitation of Mg7Zn3 intermetallic phase upon heat treatment 
was characterized using high-resolution transmission electron 
microcopy (HRTEM), a potential strengthening mechanism 
which will be explored in future research. 

Introduction 

Magnesium alloys with their weight saving advantages have 
been gradually accepted in automotive applications for vehicle 
lightweighting and environmental protection [1-4]. However, the 
relatively poorer mechanical properties of magnesium alloys 
compared to steel and aluminum alloys have limited their 
applications in critical structural subsystems. Recently, 
significant efforts have been made to develop high-strength and 
high-ductility magnesium alloys for automotive structural 
applications. It is well known that Zn is a major alloying 
element in magnesium alloys and is often used to improve the 
mechanical properties by solid solution strengthening and age-
hardening. Zinc also helps overcome the harmful corrosive 
effect of iron and nickel impurities in the alloys [5]. However, 
the binary Mg-Zn alloys have some issues such as brittleness 
and coarse grains [6]. Therefore, binary Mg-Zn alloys are 
always modified by further alloying elements, such as Zr and/or 
rare earth (RE), in commercial alloys. RE elements have been 
used in magnesium alloys for many years and usually in the 
form of misch-metal (MM). Their strong influence on the creep 
resistance of Mg alloys is due to the strengthening of the a(Mg) 
matrix by solid solution and/or precipitation of RE-containing 
phases. There has been some reported work on the precipitation, 
morphology, structure and thermal stability of RE-containing 
intermetallic phases [7-9]. For better understanding the 
microstructure of Mg-Zn-RE alloys and subsequently enhancing 
their properties, the phase equilibria and thermodynamic 
properties of key sub-systems in the Mg-rich region, such as 
Mg-Zn-Ce, are of fundamental importance. Recently, the 
thermodynamic description of the Mg-Zn-Ce system at the Mg-
rich region was reported [10]. 

In this paper, the solidification paths of four Mg-Zn-Ce ternary 
alloys were calculated using the thermodynamic description 
obtained by Chiu et al. [10] and Pandat [11]. Directional 
solidification technique was then employed to experimentally 
investigate the effect of Zn and/or Ce additions on the solidified 
microstructure of Mg-Zn-Ce alloys and validate the 
thermodynamic calculations. Solution and aging treatments were 
also carried out on one Mg-Zn-Ce alloy, and transmission 
electron microscopy (TEM) work was performed on the heat 
treated alloy to investigate the precipitating phases. 

Experimental Procedure 

Commercially pure magnesium and zinc, and Mg-26%Ce master 
alloy ingots were used to make the Mg-Zn-Ce (ZE) alloy 
compositions shown in Table I. The ZE alloys were prepared 
and melted in a 200 lb steel crucible under SFJ/COJ protection. 
The cast alloy was then cut into small pieces of about 50 g and 
was used for directional solidification experiment [12-14]. The 
axial temperature gradient was maintained at 4°C/mm in the 
furnace by three independently controlled heating coils. The 
sample was directionally solidified as cylindrical rods in a steel 
tube, by moving the tube downward in the furnace at 30 um/s 
for about 100 mm in length. To study the precipitation 
microstructure, alloy samples were sealed in a quartz tube and 
back-filled with high-purity argon (>99.999%) atmosphere for 
solution treatment at 450°C for 24 h, followed by quenching into 
hot water. The samples were subsequently aged at 250°C for 
about 200 h. The X-ray diffraction (XRD), scanning electron 
microscopy (SEM) and High Resolution Transmission electron 
microscopy (HRTEM) were used for characterizations of the 
directionally solidified and heat-treated samples. 

Table I. Alloy composition and Scheil calculated fraction of 
solid phase. 

Alloy 
# 

1 

2 

3 

4 

Alloy 
Designation 

Mg-2Zn-
0.2Ce 

Mg-6Zn-
0.2Ce 

Mg-2Zn-
lCe 

Mg-7Zn-
lCe 

Scheil calculated solid phase fractions 
a(Mg) 

% 
97.98 

93.60 

97.19 

91.48 

Ce(Mg,Zn)12 

% 
0.4 

0.47 

1.79 

2.28 

Mg7Zn3 

% 
1.5 

5.7 

0.98 

6.02 

MgZn 
% 

0.05 

0.2 

0.3 

0.2 
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Results and Discussion 

Thermodvnamic Calculations 

Figure 1(a) shows the calculated liquidus projection of the Mg-
Zn-Ce system in the Mg-rich corner with the compositions of Zn 
and Ce varying from 0 to 50%. All the alloy compositions in this 
paper are given in wt.% unless noted otherwise. The 
solidification paths of four Mg-Zn-Ce alloys were also shown in 
the same diagram, and they were calculated using the Scheil 
model, which is based on the assumptions of complete mixing in 
the liquid but no diffusion in the solid. As shown in this diagram, 
black lines are die monovariant liquidus lines and the arrows on 
the monovariant liquidus lines indicate the directions of 
decreasing temperature. The monovariant liquidus line at the 
Mg-rich corner is in equilibrium with the a(Mg) and 
Ce(Mg,Zn)i2. It should be emphasized that the Ce(Mg,Zn)12 is a 
Ce-Mg binary phase with a large solid solubility of Zn extending 
into the Mg-Zn-Ce ternary system [10]. As can be seen from 
Figure 1(a), the solidification path of Alloy 1 is as follows. 

L -» L + a(Mg) (643°C) -» L + a(Mg) + Ce(Mg,Zn)12 (552°C) 
-> L + a(Mg) + T2 (II2, 420°C) -» L + T2 + Mg7Zn3 (341°C) -» 
T2 + Mg7Zn3 + MgZn 

The temperatures were calculated based on the thermodynamic 
description of Chiu et al. [10]. In order to discuss the last few 
solidification stages of Alloy 1 in Figure 1(a), Figure 1(b) is 
needed since the Hi is in a very low Ce concentration region. 
Figure 1(b) shows an enlarged ordinate displaying the 
compositions of Ce from 0 to 0.2% and Zn from 0 to 60%. The 
four-phase invariant, II2, at constant pressure is referred to as a 
type II invariant or reaction according to Rhines [15]. The 
subscript 2 indicates it is the second highest type II reaction in 
terms of temperature, following the notation of Chang et al. [16-
18]. The sequences of phase formation of the other three alloys 
are identical to that of Alloy 1. The primary solidification phase 
of these alloys is a(Mg). After the composition of the liquid 
reaches the a(Mg) + Ce(Mg,Zn)12 monovariant liquidus line, the 
a(Mg) and Ce(Mg,Zn)12 form simultaneously. The T2 and 
Mg7Zn3 come out subsequently during solidification and the last 
liquid to solidify at ternary eutectic invariant reaction: L -> T2 + 
Mg7Zn3 + MgZn. It is clear from Figure 1 that the phases 
formed in the interdendritic regions of the solidified Mg-Zn-Ce 
alloys (Zn < 10% and/or Ce < 5%) are identical, while the 
fraction of each phase may vary with different Zn and/or Ce 
concentrations. 

w%(Zn) 

Figure 1. (a) Calculated liquidus projection of the Mg-
Zn-Ce system at the Mg-rich region with the 

solidification path of four selected alloys using Scheil 
model; (b) Enlarged diagram - alloy 1: Mg-2Zn-0.2Ce; 
alloy 2: Mg-6Zn-0.2Ce; alloy 3: Mg-2Zn-lCe; alloy 4: 

Mg-7Zn-lCe(wt.%). 

In order to investigate the effect of various additions of Zn or Ce 
on the microstructure of solidified Mg-Zn-Ce alloys, the fraction 
of solid vs. temperature diagram of the selected four Mg-Zn-Ce 
Alloys was superimposed and shown in Figure 2. It indicates 
that the Zn addition decreases the alloy liquidus temperature. 
For example, the liquidus temperature of Alloy 1 with 2%Zn 
and 0.2%Ce is 634°C, while that of Alloy 2 containing the same 
amount of Ce (0.2%) but higher Zn concentration (6%) 
decreases to 631°C. And die same trend was also found on 
Alloys 3 (Mg-2Zn-lCe) and 4 (Mg-7Zn-lCe). Figure 2 also 
shows that with the addition of more Ce to the Mg-Zn-Ce alloys, 
the primary a(Mg) fraction decrease and more interdendritic 
phases formed during the solidification. Based on the Scheil 
calculations in this study, the primary a(Mg) fraction of Alloy 1 Figure 2. Fraction of solid vs. temperature diagram of four 

Mg-Zn-Ce alloys using Scheil model. 
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(Mg-2Zn-0.2Ce) is around 95%. However, the primary a(Mg) 
fraction of Alloy 3 (Mg-2Zn-lCe) with higher Ce concentration 
is about 4% less than that of alloy 1. The Scheil calculations of 
the fractions of all interdendritic phases are summarized in 
Table I. 

Alloy 3 (Mg-2Zn-lCe), but the volume fraction of interdendritic 
phases is more due to its higher Zn concentration than that of 
Alloy 3. Therefore, the directional solidification results are in 
good agreement with the thermodynamic calculations using the 
Scheil model. 

Solidification Microstructure 

Figure 3 shows the SEM backscattered electron (BSE) images of 
the directionally solidified microstructure of the Mg-Zn-Ce 
alloys in the longitudinal direction in the steady state region. As 
shown in Figure 3(a), the directionally solidified Alloy 1 (Mg-
2Zn-0.2Ce) shows the existence of one dominant phase with 
dark contrast and some regions containing devoiced eutectic-like 
microstructure with bright contrast. The XRD and SEM energy 
dispersive spectroscopic (EDS) phase identification results show 
that the dark matrix is <x(Mg) and the bright phase is Mg7Zn3, 
which is in good agreement with the thermodynamic calculation 
results in Figures 1 and 2. It is not surprising that the 
Ce(Mg,Zn)12 phase was not found in the solidified Alloy 1 due 
to its small volume fraction (<0.5%). The microstructure of 
Alloy 2 shown in Figure 3(b) is similar to that of Alloy 1. Two 
phases a(Mg) and Mg7Zn3 were identified. However, the 
fraction of Mg7Zn3 in the interdendritic region is more than that 
of Alloy 1, which is due to its higher Zn concentration and was 
predicted based on our Sheil calculations shown in Figure 2. The 
microstructure of Alloys 3 (Mg-2Zn-lCe) and 4 (Mg-7Zn-lCe) 
are shown in Figure 3 (c) and (d), respectively. For Alloy 3 
shown in Figure 3(c), the XRD phase identification indicates 
that the dark a(Mg) coexisting with bright contrast interdendritic 
phases Ce(Mg,Zn)12 and Mg7Zn3. However, it is very difficult to 
distinguish these two bight contract phases by SEM due to their 
similar morphology and contract within the interdendritic 
regions. The TEM selected area diffraction (SAD) was then 
carried out to confirm the existence of these two phases. The 
results will be reported in a future publication due to the limited 
space available in this paper. As shown in Figure 3(d), the 
microstructure of Alloy 4 (Mg-7Zn-lCe) is similar to that of 

Figure 3. SEM/BSE images show the microstructure of 
directionally solidified Mg-Zn-Ce alloys 

(a) alloy 1: Mg-2Zn-0.2Ce; (b) alloy 2: Mg-6Zn-0.2Ce; (c) 
alloy 3: Mg-2Zn-lCe; (d) alloy 4: Mg-7Zn-lCe (wt.%). 

Figure 4. The TEM BF image and SAD of the 
Mg7Zn3 precipitate with a(Mg) matrix of heat treated 

Alloy 4 (Mg-7Zn-lCe). 
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Precipitation Microstructure 

Alloy 4 (Mg-7Zn-lCe) was selected for the precipitation 
microstructure study due to its higher Zn and Ce concentrations. 
Figure 4 shows the HRTEM bright-field (BF) image and SAD of 
Alloy 4 (Mg-7Zn-lCe) after solution and ageing treatments. The 
precipitating phase in the a(Mg) matrix was identified to be 
Mg7Zn3 by the diffraction patterns. As in many other alloy 
systems, the strengthening of the alloys is not only from the 
formation of thermodynamically stable intermetallics in the 
grain boundaries, but also the precipitates in the a(Mg) matrix 
after proper heat treatment processing. The precipitation of 
Mg7Zn3 phase in Mg-Zn-Ce alloys should be explored to 
improve the strength of the alloys. 

Conclusions 

1. The calculated solidification paths of four Mg-rich Mg-Zn-
Ce alloys are in good agreement with the directional 
solidification microstructures of these alloys. The as-cast 
microstructures of four directionally solidified Mg-Zn-Ce 
alloys agree well with the computational thermodynamics 
calculations using the Scheil model. 

2. Preliminary precipitation investigation found the Mg7Zn3 
precipitation in the a(Mg) matrix after solution and age heat-
treatments, indicating potential age-hardening for this alloy 
system, which should be explored in future research to 
improve the strength of the high-ductility Mg-Zn-Ce alloys. 
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