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Microstructures and Creep Properties of  
Mg-2.5Zn-xCe (  x = 4, 6 and 8 mass%) Alloys

Abstract: The effect of 4, 6 and 8 (mass%) Ce additions on 
the microstructure and creep resistance of the Mg-2.5Zn 
alloy was investigated by tensile creep test in the tem
perature of 200 °C, 225 °C with the tensile stress of 60 MPa 
and tensile test in room temperature. The microstructure 
and phase composition of these alloys were analyzed by 
optical microscopy (OM), scanning electron microscopy 
(SEM), energy dispersive X-ray spectroscopy (EDS) and 
X-ray diffractometry (XRD). The results showed that the 
grain sizes of Mg-2.5Zn-xCe alloys were decreased and the 
creep strength of the base alloy was remarkably improved 
by increasing Ce addition. This were attributed to the 
formation of Mg12Ce, Mg2Ce and (Mg,Zn)12Ce compounds 
that morphology remains relatively stable at moderately 
elevated temperature which strengthen both matrix and 
grain boundaries during creep deformation.
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1 �Introduction 
Magnesium alloys are promising light structural materials 
because of their excellent properties such as high specific 
strength and high specific stiffness. The use of Mg alloys is 
expanding, particularly in the automobile and consumer 
electronics industries [1, 2]. However, one of the limita-
tions of magnesium alloys for structural applications is 
their low creep resistant properties at elevated tempera-
tures [3]. Thus enhancing creep properties of magnesium 
alloys becomes very important.This can be achieved by 

using various alloying elements, which can form ther-
mally stable second-phase constituents in the as-cast con-
dition [4]. From the results of the previous studies [5–7], 
rare earth (RE) elements, with certain special characteris-
tics, are well known for their positive effects in Mg alloys. 
The use of rare earths enables both solid solution harden-
ing and precipitation hardening, and the intermetallic 
phases exhibit little diffusivity and a good coherence to 
the matrix [8]. Currently the Mg-RE system is the only mag-
nesium alloys that can offer adequate creep resistance 
for application at temperatures that above 200 °C [9]. Not 
only the volume fraction but also the arrangement, the 
orientation relationship and aspect ratio of the precipi-
tates of RE affect the mechanical and creep properties 
[10–16]. Cerium is a major component of misch-metal and 
thus is considered as the most important part in these 
industrially used rare earth elements.It has been reported 
that addition of Ce affects excellent age hardening be
havior for the Mg-1.5Zn-0.2Ce (mass%) alloy [17]. In addi-
tion, Zn in low quantities has also proven to aid tensile 
and creep strength [18].

Many research have been proposed effects of low 
levels of Ce in the Mg alloys [19–21]. However, several ex-
perimental studies have carried out on the high levels of 
Ce. In this paper, a selected amount of Ce, namely 4, 6 
and  8 (mass%), was added into the Mg-2.5Zn alloy. The 
microstructure and creep properties of Mg-2.5Zn alloy at 
elevated-temperature were studied, aiming at clarifying 
the factors that affect the microscopic morphology and 
the creep performance of alloys.

2 Experimental

2.1 Materials and processing

The materials used in the experiments were commercially 
pure magnesium (99.95 mass%), pure Zinc (99.90 mass%) 
and Mg-30 (mass%) Ce master alloy. Mg-2.5Ce-xCe (x = 4, 
6,  8 mass%) alloys are produced by gravity casting. 
The  magnesium alloys were prepared in a steel crucible 
in  an electrical resistance furnace. The mixtures were 
under cover flux (main compositions: 38–46% MgCl2, 
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32–40% KCl, 5–8% BaCl2, 3–5% CaF2, and 8% NaCl+CaCl2) 
to protect molten magnesium from oxidation during 
melting and the melton temperature was about 760 °C. 
The melts were cast into a steel mould. All kinds of 
Mg-Zn-Ce alloys with nominal compositions of 2.5 mass% 
Zn and 4, 6, 8 mass% Ce were used as-received specimens 
by wire-electrode cutting. The cast slabs were cut into 
slices of 84 mm in length, 16 mm in width and 2 mm in 
thickness using an electrodischarge wire-cut machine for 
the tensile creep tests and cut into slices of 15 mm in 
length, 3.2 mm in width and 1.8 mm in thickness for tensile 
tests. The chemical compositions of the Mg-2.5Zn-xCe 
(x = 4, 6, 8) alloys are listed in Table 1. The as-cast micro-
structure and the evolution of microstructure after creep 
was measured with optical microscope (OM), as well as 
with scanning electron microscope (SEM). The samples 
for OM and SEM were polished and etched by using an 
etchant consisting of 1 mL HNO3 and 20 mL ethylic acid 
and 30 mL water. Analysis of phase was investigated by 
X-ray diffraction (XRD). The chemical compositions of the 
analyzed phases of the alloys were measures by energy 
dispersive X-ray spectroscopy (EDS) in the scanning elec-
tron microscope.

2.2 Tensile creep tests

Tensile creep tests were performed on the type of GWT304 
high-temperature creep test machine to carry out 
constant-load tensile creep tests in the air atmosphere. 
The specimen was located between two loading bars. The 
tests were performed in the temperatures of 200 °C and 
225 °C and under a stress of 60 MPa for dwell times of 70 h. 
An electronic temperature control three-zone split furnace 
was used and the temperature with an accuracy of ±2 °C 
during the test. The test to control the load with an accu-
racy of ±2N. The data were acquired by an computer.

2.3 Mechanical testing

Room temperature tension experiments were performed 
at a strain rate of 10−5 s−1 using an Instron 3369 mechanical 

testing machine. The ultimate tensile stress, the tensile 
strength (MPa), and the yield strength (MPa) were re-
corded for each test. Perpare three specimens for per alloy 
to tensile tested and the reported properties were aver-
aged. The experiments were performed under constant 
load and the temperature–strain–time data were collected 
by computer. Selected specimens were taken to failure.

3 Results and discussion

3.1 Microstructural observations

The optical microstructures of the cast Mg-2.5Zn-xCe alloys 
are shown in Fig. 1. As can be seen, it is evident that each 
alloy presents a typical dendritic cast structure with inter-
phases at interdendritic regions. It’s noticeable that the 
volume fraction of which increases with increase of Ce ad-
dition in the alloys, and the RE elements are concentrated 
in the interdendritic boundary areas during solidification. 
Besides, along with the increase of Ce additions the con
tinuity of interdendritic network becomes strong and the 
eutectics are thickened. From Fig. 1, we can see that the 
average grain sizes of the three alloys were about 200 μm, 
140 μm and 70 μm, respectively. Apparently, the #3 and #2 
alloys exhibited smaller grain sizes than the #1 alloys. 
This suggests that the RE additions have effectively refined 
the grain structures of base alloy.

Mechanisms of grain refinement are linked to the 
path of phase formation and the solidification closely 
[22]. Magnesium matrix solidified firstly with temperature 
reduction, because the solid solubility of Ce in the Mg 
matrix is very low. So the Mg-Ce intermetallic compound 
is very difficult to become a heterogeneous nuclei of α-Mg. 
The grain of α-Mg matrix growth during solidification, 
push the rare earth phase to the solid-liquid interface con-
stantly, then solute redistribution was formed. Rare earth 
phase enriched in the front of solid/liquid interface in the 
solidification process then caused constitutional super-
cooling, the supercooled region formed with new nuclear 
and the fine equiaxed grains were formed [23]. The under-
cooling region increased with the increase of the content 
of rare earth. The volume fraction of equiaxed second 
phase increased, the formation of network structure sepa-
rated the magnesium matrix then the refined the grain of 
alloys, objectively.

Representative SEM micrographs of the alloys are 
shown in Fig. 2. It is evident that the second phases are 
substantial enrichment at the grain boundaries. EDS (Fig. 
3) indicated that the intermetallic phase contained Ce, Mg 

Table 1: Chemical compositions (mass%) of the Mg-2.5Zn-xCe (x = 4, 
6, 8) alloys

Alloys (mass%) Ce Zn Fe Mn Mg

Mg-2.5Zn-4Ce (#1) 4.11 2.52 <0.02 <0.01 bal.
Mg-2.5Zn-6Ce (#2) 6.04 2.49 <0.02 <0.01 bal.
Mg-2.5Zn-8Ce (#3) 7.94 2.46 <0.02 <0.01 bal.
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and Zn. Matrix contains vast majority of Mg and only a 
small amount of Zn. Table 2 shows Chemical compositions 
(at%) of matrix and second phase of the Mg-2.5Zn-xCe 
(x = 4, 6, 8) alloys. Fig. 4 shows the XRD spectrum of 
Mg-2.5Zn-xCe (as-cast). Clearly, from the Fig. 2. We can see 
that the phase composition of the three cast alloys don’t 
change much. All three alloys contain α-Mg phase, Mg12Ce 
phase and a small amount of Mg2Ce phase. In addition, 
with the increase of Ce content, the diffraction peak of the 
second phase become more and more obvious. However, 
no binary phase of Mg-Zn in the three alloys was found by 
the XRD. Parts of Zn are located in the Mg12Ce phase due to 
the strong attraction effects of Ce element. Therefore, the 
Mg12Ce phase in the Zn-containing alloy probably exists 
in  the form of the (Mg,Zn)12Ce intermetallic compound. 
This shows that the second phase in the interdendritic 
regions is not merely Mg-Ce and Mg-Zn binary phase, with 
Ce and Zn, Mg forming a relatively high melting point 
(470∼500 °C) of Mg-Zn-Ce phase (T-phase), can improve 
the thermal stability of the alloy greatly. And #3 samples 
(Fig. 2c) contain the highest of Ce, which can form more 
Mg12Ce, Mg2Ce phase and T phase, and further improves 
the creep resistance properties of alloys.

3.2 �Creep behavior and mechanical 
properties

The creep curves of three kinds of samples under 60 MPa 
for the temperature of 200 °C (Fig. 5a) and 225 °C (Fig. 5b) 
are shown in Fig. 5 and the details of these curves are sum-
marized in Table 3. Fig. 5a shows that creep time of the 
three kinds of alloys are more than 70 h, but the tertiary 
creep stage did not appear. With the increase content of 
RE, the creep properties of the alloy in elevated tempera-
ture are improved. There is little difference in steady-state 
creep rate between #2 samples and #3, seen in Table 2, 
which is 9.8 × 10−8 s−1 and 1 × 10−8 s−1, respectively. They 
are at the same level. The reason may be that the testing 
temperature and stress are low, the creep life of sample is 
long, while the figure only shows second stages of creep. 
But the steady creep rate of #1 sample was 3.2 × 10−7 s−1, 
which is higher than that of #2 and #3 samples signifi-
cantly. Fig. 5b shows the creep curves of Mg-2.5Zn-xCe, in 
the temperature of 225 °C. Compared with that of 220 °C, 
the creep resistance decreased, but the overall trend still 
increased with the increase of RE content and creep re
sistance of alloys. The creep time of sample #1 was only 

Fig. 1: Optical micrographs of cast Mg alloys: (a) Mg-2.5Zn-4Ce, (b) Mg-2.5Zn-6Ce, (c) Mg-2.5Zn-8Ce
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18.2 h, then the sample was fractured. And sample #2 
shows a typical creep curves with three stages, the creep 
time was 30.16 h. The creep resistance of sample #3 is the 
best in all three kinds of alloys, but did not appear the 
third stage, the creep time was more than 70 h.

Fig. 6 shows the change of the second phase of 
Mg-2.5Zn-4Ce before (a) and after (b) the creep test in the 
temperature of 200 °C. Fig. 6a shows that second phase in 
the interdendritic grain boundary was continuous and 
complete, compared with Fig. 6b a lot of crack were gener-
ated in the second phase in the interdendritic boundary 
areas of alloy after creep.

As known, for the pure metal and solid solution 
alloys, the size of grain has a significant effect on the 
creep performance. But for the existence of second phase 
particles on grain boundary, this effect tends to reduce 
[24]. According to scanning electron microscopy picture, 
the second phase of RE distributed in grain boundaries, 
especially enriched in triangle grain boundary. The struc-
ture of secondary phase which not continuous or semi 
continuous changed into a continuous network structure 
with the increase of RE content. The increase of RE con
tent  could produce more secondary phase. According to 
the analysis of XRD (Fig. 4) and EDS (Fig. 3) the second 

phase mainly consists of Mg12Ce and a small amount of 
Mg2Ce phase. Some scholars confirmed that the hard-
ness and elastic modulus of the eutectic Mg12Ce between 
grain boundary are indeed higher than α-Mg matrix by 
nano-indentation experiments. And the average indenta-
tion hardness increased with the increasing of Ce content 
[25]. The establishment of the skeleton in magnesium 
alloy by the strengthening phase composition has very 
important significance to improve the elevated tempera-
ture creep resistance of magnesium alloy [26, 27]. The 
addition of Ce element to the Mg-Zn alloy formed Mg12Ce 
and (Mg,Zn)12Ce phase, and then the second phase 
formed  a three-dimensional continuous network struc-
ture between the grains. The structure can securely wrap 
grains up, so softening or breaking of the structure need 
for higher temperatures and greater stress. Micro-fracture 
accumulated to a certain extent, produce deformation 
macroscopically. When the network of subsequent second 
phase was broken, it would produce a lot of particles 
of  second phase, these particles, which be pinned on 
the  grain boundary, would produce to impede grain 
boundary sliding. Due to the high softening temperature 
(470∼500 °C) of second phase, structure is relatively 
stable. As the stress increases, the large amount of second 

Fig. 2: SEM micrographs of cast Mg-2.5Zn-xCe: (a) 4Ce, (b) 6Ce, (c) 8Ce
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phase can effectively absorb the deformation energy. 
When the Ce content is lower, the grain size is larger, 
which means the skeleton structure of the second phase is 
not denser than the alloy of higher Ce content. And the 
thickness of the second phase along the grain boundary is 
relatively weak compared with the second phase of high 
content of RE. The second phase is less in unit area where 
under pressure compared to the dense network structure 
phase broken easily. But under the condition of high 
Ce, the greater the amount of second phases on the stress-
bearing surface is, the more stress to bear, as shown in 
Fig. 7.

Typical tensile stress-strain curves of the investigated 
alloys at room temperature are presented in Fig. 8. It can 
be observed that after a linear elastic behavior the curves 
deviate from linearity before reaching a maximum point 
to the tensile strength. Table 4 shows that the tensile 
strength (MPa), and the yield strength (MPa) of the three 

Table 2: Chemical compositions (at%) of matrix and second phase of 
the Mg-2.5Zn-xCe (x = 4, 6, 8) alloys

Alloy Mg (at%) Zn (at%) Ce (at%)

Mg-2.5Zn-4Ce Matrix 99.32 0.68 –
Second phase 87.79 7.03 5.18

Mg-2.5Zn-6Ce Matrix 99.25 0.75
Second phase 87.77 6.80 5.43

Mg-2.5Zn-8Ce Matrix 99.65 0.35
Second phase 87.80 6.94 5.26

Fig. 4: XRD spectrum of Mg-2.5Zn-xCe (as-cast)

Fig. 3: SEM and EDS analysis of Mg-2.5Zn illustrating (a) a grain boundary particle (light contrast) enriched in Ce, Mg, and Zn, (b) matrix 
composition enriched in Mg and Zn
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groups of samples at room temperature. As can be seen, 
#2 alloy exhibits maximum yield strength and tensile 
strength which contains 6Ce. These are 105.48 MPa and 
156.65 MPa, respectively. #1 alloy exhibits minimum yield 
strength and tensile strength which contains 4Ce. These 
are 92.95 MPa and 131.76 MPa, respectively. The yield 

strength and tensile strength of #3 alloy lower than #2 
alloy but greater than #1 alloy. It is seen that the addi-
tion of Ce clearly improves the tensile strength, which in-
creases gradually with Ce addition up to 6 mass%, but 
further increasing Ce contents leads to reduction of tensile 
strength. According to Fig. 6, the specimens of 6Ce showed 
the best mechanical properties.

It is well known that the RE elements have poor solid 
solubility in magnesium [28], which suggests RE additions 
have a limit for solid–solution strengthening. Therefore, 
the following two factors of the improvement of tensile 
properties should be considered: (a) The coarse eutectic 
microstructure located at grain boundaries is refined due 
to the increasing content of RE, and the refined eutectic 
benefits the tensile strength; (b) dispersive second phase 
particles formed after Ce additions can restrain disloca-
tion movement, which favors tensile strength [29]. How
ever, at higher Ce (8 mass%) additions, more formation 

Table 3: The steady state creep rate, creep time and elongation of 
the three groups of samples

Alloys 
(mass%)

Stress 
(MPa)

T 
(°C)

Steady state 
creep rate (s−1)

Time 
(h)

Mg-2.5Zn-4Ce 60 200 3.2 × 10−7 >70
60 225 4.9 × 10−6 18.2

Mg-2.5Zn-6Ce 60 200 9.8 × 10−8 >70
60 225 1.2 × 10−6 30.2

Mg-2.5Zn-8Ce 60 200 1.0 × 10−8 >70
60 225 3.7 × 10−7 >70

Fig. 5: Creep curves of Mg-2.5Zn-xCe: (a) 200 °C, 60 MPa, 70 h, (b) 225 °C, 60 MPa, 70 h

Fig. 6: The change of the second phase before (a) and after (b) the creep test (Mg-2.5Zn-4Ce, 200 °C, 60 MPa)
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of coarse particles in, incoherent with matrix, which are 
fragmented under the load, usually leads to poor mechan-
ical properties.

4 Conclusions
The effect of Ce additions on the microstructure and creep 
properties of Mg-2.5Zn-xCe (x = 4, 6 and 8, mass%) alloys 

was investigated. The conclusions are summarized as 
follows:
1.	 The addition of Ce refined the as-cast microstructure. 

When the Ce content increases from 4 wt% to 8 wt%, 
the grain size decreased from about 200 μm to 70 μm. 
The main mechanism of RE element refining magne-
sium alloys is that solute redistribution during solidi-
fication caused by solid-liquid interface undercooling 
increases the forefront of ingredients.

2.	 With the increase of Ce content in the alloy, the creep 
rate decreases, the number density of eutectic ther-
mally stable Mg12Ce, Mg2Ce and (Mg,Zn)12Ce phase at 
the grain boundaries increased. Because the network 
structure of second phase can be formed, so it pro-
duced strong impediment for grain boundary sliding. 
Further, the presence of small amounts of the second 
phase in the matrix prevents slip dislocations which 
plays a dispersion strengthened effect. With the in-
crease of rare earth content and the volume fraction of 
second phase, high temperature creep properties of 
the alloy increases.

3.	 The mechanical properties of as-cast alloys increase 
with Ce addition up to 6 mass%, but decrease with 
Ce  addition up to 8 mass%. The yield strength and 
tensile strength of which contains 4Ce, 6Ce, 8Ce 
alloy are 92.95 MPa and 131.76 MPa, 105.48 MPa and 
156.65 MPa. These are 96.86 MPa and 147.79 MPa, 

Fig. 7: The difference of the fractured second phase after the creep test (200 °C, 60 MPa): (a) Mg-2.5Zn-8Ce, (b) Mg-2.5Zn-4Ce

Fig. 8: Representative tensile stress vs. strain curves for the studied 
alloys at room temperature

Table 4: The tensile strength (MPa) and yield strength (MPa) of the three groups of samples at room temperature

Sample Thickness 
(mm)

Width 
(mm)

Length 
(mm)

The maximum load 
(N)

Tensile strength 
(MPa)

Yield strength 
(MPa)

Mg-2.5Zn-4Ce 1.80 3.20 15.00 758.92 131.76 92.95
Mg-2.5Zn-6Ce 1.80 3.20 15.00 902.32 156.65 105.48
Mg-2.5Zn-8Ce 1.80 3.20 15.00 851.26 147.79 96.86
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respectively. 6Ce alloy showed the best mechanical 
properties.
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