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Abstract 

The effect of second phases on the creep behavior of Mg-Ca-Zr alloys was investigated. Casting and hot-extrusion 
processes were performed to prepare Mg-xCa-0.5Zr (x =0, 0.3 and 0.6 wt.%) alloys with different morphologies 
and distributions of second phases. The as-cast microstructures of Mg-Ca-Zr alloys consisted of Mg matrix and 
coarse Mg2Ca intermetallic compounds distributed at grain boundaries. The hot-extruded microstructures 
exhibited finer Mg2Ca spherical particles and precipitates distributed homogeneously inside the matrix and along 
grain boundaries. The results of creep tests suggested that the viscous glide of dislocation and dislocation climb 
were the dominant creep mechanisms of Mg-Ca-Zr alloys crept at 200 ℃. The creep property was strongly related 
to the morphology and distribution of Mg2Ca phases. The finer and more homogeneously distributed particles 
showed a better strengthening effect than the coarser intermetallic compounds distributed along grain boundaries. 

Introduction 

Magnesium is the lightest structural metal with high specific strength, good electric conductivity as well as 
thermal conductivity 1,2. However, owing to their low strength and formability at room temperature and poor creep 
resistance at elevated temperatures, the present applications of magnesium alloys are still limited. In recent years, 
great efforts have been made to develop high-creep-resistant Mg alloys. The addition of rare earth (RE) elements 
is generally regarded as the most effective way to improve the creep resistance of Mg alloys 3. However, RE 
elements are still too expensive to be widely used in Mg alloys 4. Among all non-RE alloying elements, Ca is 
expected to be an effective alloying element in the development of creep-resistant Mg alloys due to its low cost 
and even lower density than Mg. It has been reported that the creep resistance of most widely used Mg-Al based 
alloys can be enhanced by Ca addition 5,6, since Ca could consume Al solutes and introduce more thermally stable 
phases or precipitates 7. Moreover, the mechanical properties and creep resistance of ternary Mg-Zn-Sn alloy was 
reported to be significantly improved by 1.0 wt.% of Ca addition 8. The addition of Ca also results in refined 
grains 9, an enhanced ignition point 10 and a weakened texture which leads to the improvement of ductility for Mg 
alloys 11. 

In Mg-Ca based alloys, Mg2Ca phases play an important role in enhancing the creep properties, as 
aforementioned, it is a thermally stable compound with a high melting point 12 and can effectively hinder the grain 
boundary sliding and dislocation motion even at elevated temperatures 13. Despite the reported literature regarding 
the creep behavior of many Ca-containing Mg alloy systems have been reported in recent years, the role of the 
distribution and morphology of second-phases on the creep behavior of binary Mg-Ca alloys was rarely 
investigated. The present work aims to investigate the creep behavior of Mg-Ca alloys with different Ca contents 
and to clarify the relationship between the creep resistance and the distribution and morphology of second phases 
for the alloys. Casting and hot extrusion processes were used to prepare the alloys with different distributions of 
second phases. A small amount of Zr was added as the grain refiner for the alloys. As-cast and hot-extruded Mg-
0.5Zr alloys were prepared to be used as benchmarks. 

Experimental procedures 
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Three alloys with different Ca concentrations (wt.%), Mg-0.5Zr, Mg-0.3Ca-0.5Zr and Mg-0.6Ca-0.5Zr alloys, 
were prepared by permanent mould direct chill casting 14. Pure Mg was melted in a mild steel crucible under a 
protective atmosphere (Ar +2 vol.% SF6). Pure Ca and Mg-33.3wt.% Zr master alloy were then added into the 
melt at 750 °C. The melt was then homogenized by mechanical stirring under 200 rpm for 20 min. After that, the 
melt was poured into a steel crucible preheated to 680 °C and held at 680 °C for 20 min with gas protection. 
Finally, the melt was solidified by lowering the crucible into cooling water with a rate of 10 mm/s. The ingots for 
hot extrusion were first solid solution heat-treated (T4) at 500 ℃ for 8 h followed by water quenching. These T4 
treated ingots were then machined to a cylinder with a size Φ49 × 150 mm and preheated at 400 ℃ for 1 h. The 
indirect extrusion process was carried out at 400 ℃ with a ram speed of 2 mm/s and an extrusion ratio of 25 : 1 
to produce round profiles with a diameter of 10 mm. 

The specimens for optical microscope (OM) observations were ground with silicon carbide abrasive paper, 
polished with water-free colloidal silica (OPS) and then etched with acetic-picric solution. OM observations were 
performed with a Leica DMI5000 microscope with a digital camera attached. The average grain size was measured 
by the linear intercept method from the micrographs. Microstructures were investigated using a TESCAN Vega 
SB-U III scanning electron microscope (SEM) under an accelerating voltage of 15 kV and working distance of 
15 mm in backscatter electron (BSE) mode. The volume fraction of the intermetallic phases was determined by 
SEM BSE image analysis using ImageJ software. The threshold and contrast were adjusted to obtain a high 
contrast between the intermetallic phase regions and the matrix. At least 10 micrographs were used to determine 
the amount of these phases. Specimens for transmission electron microscope (TEM) were firstly ground 
mechanically to a thickness of about 120 µm and then thinned by electropolishing in a twin jet electropolisher 
using a polishing solution of 2.5 % HClO4 and 97.5% ethanol at -45 ℃ and a voltage of 40 V. The TEM 
examinations were carried out on a Philips CM200 instrument operating at 200 kV. The bright-field mode was 
used for imaging the microstructure. The diffraction patterns of intermetallic particles were obtained through 
selected area electron diffraction (SAED). The synchrotron radiation diffraction was also used for the phase 
analysis, which was carried out at the high-energy X-ray beamline HEMS P07B of PETRA III, DESY (Deutsches 
Elektronen-Synchrotron). A monochromatic beam was used with a wavelength of 0.014235 nm and a beam cross-
section of 0.7 × 0.7 mm2. The acquisition time of each diffraction pattern was set to 0.5 s. The diffraction patterns 
(Debye-Scherrer rings) were recorded by a detector with an effective pixel size of 200 µm, placed 1950 mm 
behind the sample, calibrated by a LaB6 standard powder sample. The diffraction patterns were integrated and 
analyzed with the software Fit2D. Cylindrical specimens of 15 mm in length and 6 mm in diameter were used for 
the compression creep tests. The constant stress compression creep tests were performed on both the as-cast and 
hot-extruded Mg-xCa-0.5Zr alloys at 200 ℃ under a range of stresses using Applied Test System (ATS) creep 
machines. 

Results 

The as-cast and hot-extruded optical microstructures of investigated alloys are shown in Fig. 1. Due to the 
addition of Zr, relatively homogeneous microstructure was formed during the direct chill casting, even though the 
cooling process was fast with water quenching. The grain sizes of as-cast alloys were measured as 221 ± 101 µm 
for Mg-0.5Zr, 79 ± 39 µm for Mg-0.3Ca-0.5Zr and 69 ± 36 µm for Mg-0.6Ca-0.5Zr alloy, respectively. The grain 
sizes of hot-extruded alloys containing 0, 0.3 and 0.6 wt.% Ca were measured to be 33.7 ± 15.3 µm, 15.5 ± 7.1 
µm and 8.3 ± 3.5 µm, respectively. The grains of both the as-cast and extruded alloys are significantly refined 
with increasing Ca content. 

Fig. 2 presents the SEM (BSE) microstructures of as-cast and hot-extruded alloys. The as-cast microstructures 
of Ca-containing alloys are mainly composed of α-Mg matrix and intermetallic phases distributed at grain 
boundaries. The volume fraction of these intermetallic compounds increases remarkably with increasing Ca 
content. It is 0.81 ± 0.11 % for as-cast Mg-0.3Ca-0.5Zr and 2.05 ± 0.30 % for Mg-0.6Ca-0.5Zr. The morphology 
of these compounds in the as-cast Mg-0.6Ca-0.5Zr alloy is more continuous than that in the alloy with 0.3 wt.% 
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Ca. For the hot-extruded alloys, the amount of intermetallic particles increases noticeably with increasing the 
addition of Ca. The volume fractions of intermetallic particles in hot-extruded Mg-0.3Ca-0.5Zr and Mg-0.6Ca-
0.5Zr are 0.41 ± 0.08 % and 1.47 ± 0.15 %, respectively. However, the morphology and distribution of these 
particles are significantly different from that in the as-cast alloys. It can be observed the bright particles distribute 
homogeneously inside grains and along grain boundaries. 

   

   

Fig. 1. Optical micrographs of as-cast (a) Mg-0.5Zr, (b) Mg-0.3Ca-0.5Zr, (c) Mg-0.6Ca-0.5Zr alloys and  
hot-extruded (d) Mg-0.5Zr, (e) Mg-0.3Ca-0.5Zr, (f) Mg-0.6Ca-0.5Zr alloys parallel to extrusion direction (ED). 

   

   

Fig. 2. SEM micrographs of as-cast (a) Mg-0.5Zr, (b) Mg-0.3Ca-0.5Zr, (c) Mg-0.6Ca-0.5Zr and  
hot-extruded (d) Mg-0.5Zr, (e) Mg-0.3Ca-0.5Zr, (f) Mg-0.6Ca-0.5Zr alloys. 

The synchrotron diffraction line profiles of as-cast and hot-extruded alloys are shown in Fig. 3 (a) and (b), 
respectively. Only the peaks of α-Mg are found in the line profile of as-cast and hot-extruded Mg-0.5Zr alloy. 
With 0.3 wt.% Ca addition, some additional peaks of Mg2Ca phase with relatively low intensity appear besides 
Mg peaks. The intensity of Mg2Ca peaks increases significantly with increasing Ca content to 0.6 wt.% in both 
the as-cast and hot-extruded alloys. This indicates that both of the intermetallic compounds in the as-cast 
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microstructures and the spherical intermetallic particles in the hot-extruded microstructures are Mg2Ca phases. 
The amount of these intermetallic phases increase with increasing Ca content, which is consistent with the SEM 
results shown in Fig. 2. 

In hot-extruded Mg-Ca-Zr alloys, apart from those spherical particles found by SEM observations, a few fine 
precipitates in the matrix in nanometer order were also detected by TEM observations (Fig. 4). These small 

precipitates have a disc shape in the [12
_

10] direction, showing that they lie on basal plane of the α-Mg matrix. 
The EDS analysis of precipitates 1 and 2 indicate that they are Ca-enriched. In this work, due to the low content 
of Ca and low number density of these precipitates, it is hard to get their diffraction patterns by SAED. In Mg-Ca 
binary alloys, Mg2Ca phase was recognized as the only second phase in the Mg-rich region. This second phase 
was confirmed in the present as-cast material. According to the observations from references 15-17, these small disc 
precipitates could be considered as Mg2Ca precipitates. Further investigations will be needed to identify them in 
the future using the HAADF techniques. 

  

Fig. 3. Synchrotron diffraction line profiles of (a) as-cast and (b) hot-extruded Mg-Ca-Zr alloys. 

 

Fig. 4. Bright-field TEM images of extruded Mg-0.3Ca-0.5Zr alloy taken from [12
_

10] and the corresponding SAED 
pattern. The EDS analysis of position 1 and 2 are presented in the right figure (1) and (2). 

Fig. 5 (a) and (b) present the creep strain curves of as-cast and hot-extruded alloys, respectively, at 200 ℃ and 
40 MPa. It is found that increasing the Ca content from 0 to 0.6 wt.% improves both the primary and steady-state 
creep properties of as-cast alloys. However, a different situation is observed for the hot-extruded Mg-Ca-Zr alloys. 
The creep property is first significantly enhanced by 0.3 wt.% Ca addition, but then worsened by further Ca 
addition to 0.6 wt.%. 
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The double logarithmic plots of the minimum creep rate vs. stress with stress exponent n values for the as-cast 
and hot-extruded Mg-Ca-Zr alloys were presented in Fig. 6 (a) and (b), respectively. In order to compare the creep 
behaviors of alloys with different Ca contents, all the samples were tested with the same parameters. It can be 
found that the minimum creep rates of as-cast Mg-0.5Zr alloy at all stress levels reduce by around 1 order of 
magnitude with 0.3 wt.% Ca addition. With further addition of Ca, the minimum creep rate only slightly decreases. 
In contrast, for the extruded alloys, the minimum creep rate of extruded Mg-0.3Ca-0.5Zr alloy is approximately 
2 orders of magnitude lower than that of extruded Mg-0.5Zr alloy. With further Ca addition, the minimum creep 
rate of extruded alloy continues increasing by 1 order of magnitude. 

Under steady state creep condition, the steady-state creep rate 𝜀𝜀�̇�𝑠 can be described as a function of stress σ and 
temperature T at elevated temperatures 18: 

𝜀𝜀�̇�𝑠 = 𝐴𝐴𝜎𝜎𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒(−𝑄𝑄/𝑅𝑅𝑅𝑅)     Equation (1) 

where A is a dimensionless material constant, n is the stress exponent, Q is the activation energy for creep and R 
is the gas constant. At a given temperature, most of the creep deformations of polycrystalline alloys follow a 
power-law relation: 

𝜀𝜀�̇�𝑠 = 𝑘𝑘𝜎𝜎𝑛𝑛      Equation (2) 

where k is a constant. The stress exponent n can be evaluated by calculating the slope of the log𝜀𝜀̇ versus logσ plots 
at a given temperature. This n value is commonly used to infer the dominant creep mechanism for Mg alloys in 
specific ranges of stresses at a constant temperature 19. Nevertheless, for the high temperature creep deformation 
of the alloys with second-phase particles or precipitates, it is necessary to consider the presence of threshold stress 
𝜎𝜎𝑡𝑡  20. The threshold stress 𝜎𝜎𝑡𝑡  is defined as the limiting stress below which no measureable creep rate can be 
achieved and is related to the interactions between dislocations and precipitates or particles 21. When considering 
the threshold stress, the steady-state creep rate 𝜀𝜀�̇�𝑠 can be expressed by the form: 

𝜀𝜀�̇�𝑠 = 𝑘𝑘(𝜎𝜎 −  𝜎𝜎𝑡𝑡)𝑛𝑛𝑡𝑡    Equation (3) 

In this case, the true stress exponent nt can be calculated by linear fitting the double logarithm of minimum creep 
rate 𝜀𝜀�̇�𝑠 and the effective stress 𝜎𝜎 −  𝜎𝜎𝑡𝑡. The threshold stress of as-cast Mg-0.5Zr, Mg-0.3Ca-0.5Zr and Mg-0.6Ca-
0.5Zr were calculated to be 7, 14 and 16 MPa. For the extruded alloys containing 0, 0.3 and 0.6 wt.% Ca, the 
threshold stresses were determined to be 4, 10 and 5 MPa. By plotting the double logarithmic plots of the minimum 
creep rates vs. effective stresses as shown in Fig. 6 (c) and (d), the true stress exponent nt values at 200 ℃ for the 
as-cast and hot-extruded Mg-0.5Zr, Mg-0.3Ca-0.5Zr and Mg-0.6Ca-0.5Zr alloys are determined to be in the range 
of 3 ~ 5. 

  

Fig. 5. Creep strain curves for (a) as-cast and (b) hot-extruded Mg-Ca-Zr alloys tested at 200 ℃, 40 MPa. 
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Fig. 6. Comparison of the minimum creep rates between (a) as-cast and (b) hot-extruded alloys at 200 ℃, and 
the minimum creep rate vs. effective stress with true stress exponents (nt) for (c) as-cast and (d) hot-extruded 

alloys at 200 ℃. 

Discussion 
In this work, Zr was added into the alloys as a grain refiner. Its powerful grain refinement effect is due to its 

good crystallographic matching with Mg and its high growth restriction 22. Since the content of present Zr addition 
was relatively low, most of Zr were dissolved into Mg matrix. These dissolved Zr with a high growth restriction 
factor allows the rapid building up of an effective constitutional supercooling zone ahead of the growing crystal, 
resulting in a significant grain refinement 22. Consequently, the grain structure of all the as-cast alloys are relatively 
homogeneous and the grains are not very coarse after the addition of Zr. It is found that the microstructures of Ca-
containing and Ca-free alloys are extremely different at both the as-cast and hot-extruded conditions. For the as-
cast alloys, due to the high cooling rate associated with direct chill casting, the solidification process proceeds 
under a non-equilibrium condition. The distribution of Ca tends to be inhomogeneous after solidification. Since 
the solid solubility of Ca is low in Mg (max. 0.7 wt.% at 516.5 ℃ 23), most of Ca atoms are contributed to the 
formation of Mg2Ca phases at dendritic and grain boundaries.  

For the hot-extruded alloys, T4 heat-treatment at 500 ℃ and preheating treatment at 400 ℃ were performed 
before the final extrusion. The Mg2Ca compounds in the as-cast alloys are expected to be fully dissolved into the 
matrix during T4 heat-treatment, since the maximum solid solubility of Ca in Mg at 500 ℃ is approximate 0.65 
wt.%, which is higher than the Ca content contained in the current experimental alloys. The solid solubility of Ca 
at 400 ℃ decrease to lower than 0.3 wt.%. As a result, Ca solutes tended to precipitate and grow as Mg2Ca 
particles shown in the SEM BSE micrographs in Fig. 2 (e) and (f) during the preheating treatment. Furthermore, 
plastic deformation could generate a large amount of dislocations. The stress field around these dislocations could 
provide the driving force for mass transfer 24 and the dislocations can serve as nucleation points for precipitation. 
It should be noted that the formation of precipitates is related to the dislocation density. In the current work, the 
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extrusion temperature is 400 ℃, at which the internal stress could be released and the dislocations tended to be 
dynamically recovered. Thus, the dislocation density could be decreased significantly and the formation of 
precipitates could be restricted during hot-extrusion. As shown in Fig. 4, only a small number of fine Mg2Ca 
precipitates was found in the matrix.  

Compared to the hot-extruded Ca-free alloys, Ca-containing alloys exhibit finer grain microstructure. Similar 
results can also be found in the previous studies on Ca-containing alloys 25-27. It was suggested that the grain 
refinement effect of Ca for extruded Mg alloys is most likely a consequence of the influence of Ca on the dynamic 
recrystallization 28. The precipitates formed during preheating and hot-extrusion play an important role in refining 
grains of hot-extruded Ca containing alloys. As shown in Fig. 2(e), (f) and Fig. 4, the Mg2Ca precipitates are 
distributed along grain boundaries and among matrix, which could pin the grain boundary movement and prevent 
the grain growth during hot-extrusion.  

Regarding the creep behavior of as-cast alloys, there exist two competitive effects on the creep properties with 
increasing Ca content. First, the decreased grain size caused by Ca addition would worsen the creep resistance 29. 
It is well known that, with increasing temperature, the grain boundaries become weak regions and creep 
deformations can easily occur by grain sliding. Finer grains mean a higher density of grain boundary, in other 
words, a higher amount of weak regions. Therefore, creep could proceed more easily in the alloys with finer grains. 
Second, the thermally stable Mg2Ca particles formed along the dendritic and grain boundaries could effectively 
enhance the creep resistance by their pinning effects on the grain boundary sliding.  In the as-cast alloys, the grain 
size did not change largely with the addition of Ca. Apparently, the strengthening of Mg2Ca particles plays a more 
dominant role than the weakening of refined grains in influencing the creep deformation. As a result, the creep 
properties of as-cast alloys are improved by Ca addition. As to the extruded alloys, apart from the influence of 
grain size on creep properties, the homogeneously distributed Mg2Ca precipitates are expected to effectively 
enhance the creep resistance by blocking the dislocations motion as well as the grain boundary sliding. Due to the 
extremely reduced grain size caused by 0.6 wt.% Ca addition (Fig. 1(f)), the weakening effect of a higher density 
of grain boundaries on the creep resistance plays a more important role than the strengthening effect of Mg2Ca 
precipitates, even though the hot-extruded Mg-0.6Ca-0.5Zr has a relatively higher density of Mg2Ca precipitates. 
Thus, unlike the as-cast alloy with 0.6 wt.% Ca, the extruded alloy with 0.6 wt.% Ca shows a lower creep 
resistance than that with 0.3 wt.% Ca. As aforementioned, the addition of 0.3 wt.% Ca shows an excellent 
strengthening effect on the creep resistance of alloys in both the as-cast and hot-extruded conditions. But compared 
with the as-cast alloy, the addition of 0.3 wt.% Ca to the extruded alloy results in a better improvement in creep 
resistance. The much more enhancement of creep properties caused by 0.3 wt.% Ca addition in the hot-extruded 
alloys may attribute to the different morphology and distribution of second phase particles in its microstructure 
compared to that in the as-cast alloys. 

As shown in Fig. 6 (c) and (d), the true stress exponent nt values of the as-cast and extruded Mg-Ca-Zr alloys 
are around 3 ~ 5 between 40 ~ 80 MPa at 200 ℃, indicating that the viscous glide of dislocation and dislocation 
climbing are the dominant rate-controlling deformation mechanisms during the creep deformation at 200 ℃. 
Based on this main creep mechanism, the more significantly improved creep properties for the extruded alloys 
could be explained as follows: In the as-cast alloys, although the coarse Mg2Ca compounds distributed along grain 
boundaries could effectively block grain boundary sliding at elevated temperatures, their impeding effects on the 
dislocation motions are too limited. In contrast, in the extruded alloys, the homogeneously distributed Mg2Ca 
spherical particles as well as the precipitates lied in the matrix could not only pin the grain boundaries sliding, but 
also serve as effective obstacles to hinder the dislocation motions. As a result, the addition of Ca shows a more 
significant effect on enhancing the creep properties for the extruded alloys. It could be concluded that the effects 
of Ca on the creep properties of Mg-Ca-Zr alloys are strongly related to the morphology and distribution of second 
phase particles. The finer and more homogeneously distributed Mg2Ca particles have a greater effect on improving 
the creep resistance than those coarser Mg2Ca particles distributed along grain boundaries. 

Conclusions 
The effects of the morphology and distribution of second phases on the creep behavior of as-cast and hot-

extruded Mg-Ca-Zr alloys were investigated. The following conclusions can be drawn: 
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• The as-cast microstructures of Mg-Ca-Zr alloys consist of α-Mg and coarse Mg2Ca compounds distributed 
along dendritic and grain boundaries, while the hot-extruded microstructures are composed of Mg2Ca 
precipitates and spherical particles homogeneously distributed in the matrix and along grain boundaries. 

• The creep resistance of both the as-cast and hot-extruded Mg-Ca-Zr alloys can be improved by 0.3 wt.% Ca 
addition. With further addition of Ca more than 0.3 wt.%, the creep property of extruded alloys is worsened 
due to the extremely reduced grain size. 

• The effect of Ca on the creep properties of Mg-Ca alloys is strongly related to the morphology and 
distribution of Mg2Ca phases. The finer and more homogeneously distributed Mg2Ca particles have a greater 
effect on improving the creep properties. 
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