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Abstract: Mg−Zn−Cu−Zr−Ca samples were solidified under high pressures of 2–6 GPa. Scanning electron microscopy 
and electron backscatter diffraction were used to study the distribution of Ca in the microstructure and its effect on the 
solidification structure. The mechanical properties of the samples were investigated through compression tests. The 
results show that Ca is mostly dissolved in the matrix and the Mg2Ca phase is formed under high pressure, but it is 
mainly segregated among dendrites under atmospheric pressure. The Mg2Ca particles are effective heterogeneous nuclei 
of α-Mg crystals, which significantly increases the number of crystal nuclei and refines the solidification structure of the 
alloy, with the grain size reduced to 22 μm at 6 GPa. As no Ca segregating among the dendrites exists, more Zn is 
dissolved in the matrix. Consequently, the intergranular second phase changes from MgZn with a higher Zn/Mg ratio to 
Mg7Zn3 with a lower Zn/Mg ratio. The volume fraction of the intergranular second phase also increases to 22%. Owing 
to the combined strengthening of grain refinement, solid solution, and dispersion, the compression strength of the 
Mg–Zn–Cu–Zr–Ca alloy solidified under 6 GPa is up to 520 MPa. 
Key words: high pressure solidification; Mg−Zn−Cu−Zr−Ca alloy; Mg2Ca particle; solution strengthening; grain 
refinement strengthening 
                                                                                                             

 

 

1 Introduction 
 

As lightweight structural metallic materials, 
magnesium alloys are widely used in industry. 
Owing to the low strength and poor plasticity of 
cast magnesium alloys [1], strengthening and 
toughening of magnesium alloys is a prevalent 
research topic. Recently, the dual-phase nano- 
crystalline Mg thin film has increased the strength 
of the magnesium alloy to 3.3 GPa [2]; their study 
highlighted a new approach demonstrating that the 
properties of Mg alloys can be improved using the 
strengthening mechanisms of fine grains, solutions, 
and dispersions. 

High-pressure solidification is a type of 

solidification technology that plays an important 
role in material preparation [3−5]. According to the 
high-pressure solidification theory [6,7], the 
pressure always reduces the nucleation activation 
energy and increases the nucleation rate. In  
addition, pressure can inhibit atomic diffusion and 
increase the atomic diffusion activation energy.  

Using high-pressure solidification, researchers 
have obtained microstructures with fine grains in 
binary alloys, such as Al, Mg, Zn and Ti [6−12]. 
They also found that high-pressure solidification 
increases the solubility of solute atoms in the matrix. 
LIU et al [13] and ZHU et al [14] studied the 
solidification structure of hypoeutectic Al−9.2%Si 
and hypereutectic Al−26.6%Si alloys subjected to a 
pressure up to 5.5 GPa. They found that the micro- 
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structure of the hypoeutectic Al−9.2%Si alloy was 
composed of an ultra-high supersaturated solid 
solution, almost a single α(Al) phase. GUO [15] 
studied the solidification structure and mechanical 
properties of an Al–32%Mg alloy solidified under a 
pressure of 3 GPa. Their results showed that the 
solid solubility of Mg in the α(Al) matrix was up to 
30 wt.% and the tensile strength of the alloy was 
430 MPa, eight times that of the alloy solidified 
under normal pressure. 

Recently, DU et al [16] studied the structure 
and mechanical properties of the Mg−6Zn−0.5Cu− 
0.2Zr alloy solidified under a high pressure of 
6 GPa. Compared with the structure of this alloy 
solidified under normal pressure, the secondary 
dendrite arm spacing decreased from 35 to 10 μm, 
the solid solubility of Zn in the α-Mg matrix 
increased from 2.28% to 4.12%, and the 
intercrystalline second phases changed from a net- 
like lamellar eutectic to a slender strip or island-like 
structure. Consequently, the compressive strength 
of the alloy increased from 170 to 430 MPa. The 
improved compressive strength can be attributed to 
a combination of three factors: solid solution 
strengthening caused by the increased solubility of 
Zn in the matrix, dispersion strengthening resulting 
from the change of the second phase, and grain 
refinement strengthening. However, the results 
demonstrate that the strength improvement is 
limited because of the low refinement degree of the 
dendrite structure.  

Inoculation can effectively refine the 
solidification structure by adding a grain refiner. 
Currently, Ca is believed to be an excellent grain 
refiner for magnesium alloys. The solubility of Ca 
in magnesium is relatively low (maximum solid 
solution of 0.82 wt.% at 517 °C), and most of Ca 
elements segregate near grain boundaries or form 
Mg2Ca with a high melting point (715 °C) [17−19]. 
Based on our previous study, Ca was added to the 
Mg–Zn–Cu alloy to study its distribution and effect 
on the solidification structure of the alloy during 
high-pressure solidification. The mechanism for 
improving the mechanical properties of the alloy 
was further explored. And new preparation 
techniques to strengthen Mg alloys using the 
combined strengthening mechanisms of grain 
refinement, solid solution, and dispersion were 
developed.  

 
2 Experimental 
 

Mg−Zn−Cu−Zr−(Ca) ingots were prepared 
from pure magnesium (purity of 99.99%), pure zinc 
(purity of 99.99%), Cu−Zn (molar ratio of 7:3), 
Mg−30wt.%Zr, and Mg−30wt.%Ca master alloys 
using 2RRL−M8 vacuum melting equipment. The 
melting and pouring temperatures were 760 and 
730 °C, respectively. Molten liquid was poured into 
a metal mold preheated to 500 °C, producing ingots 
with diameters of 30 mm. The chemical 
compositions of the alloy without Ca were 
6.22% Zn, 0.52% Cu, 0.16% Zr, and balance Mg, 
and those of the alloy with Ca were 6.25% Zn, 
0.49% Cu, 0.16% Zr, 0.96% Ca, and balance Mg, 
as measured using the ICAP6300 plasma 
spectrometry. The alloy ingots were homogenized 
for 48 h at 300 °C in a vacuum furnace and then cut 
into rods with 6 mm in diameter and 10 mm in 
length by using the spark cutting technique. 

High-pressure solidification experiments were 
carried out using a CS−1V hexahedral hydraulic 
ram, as shown in Fig. 1. The cubic cavity was 
extruded in three directions using six hammers.  
The solidification pressures were set to be 2, 4 and 
6 GPa. 
 

 
Fig. 1 Schematic diagram of working principle of 

CS−1B type cubic hinge press 

 
According to Clausius−Clapeyron equation, 

the melting temperature of Mg increases with 
increasing solidification pressure [11]. Therefore, 
the melting temperature under different pressures 
should be set [17−21]. 

To determine the melting temperatures of   
the Mg−Zn−Cu−Zr−(Ca) alloy under different 
pressures, the samples were heated for 15 min 
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under different pressures and then cooled to room 
temperature at a rate of 200 K/s under holding 
pressure. The liquidus temperature was determined 
according to the change in the solidification 
structure. Figure 2 shows the solidification 
microstructure of the samples heated under a 
pressure of 4 GPa. When the heating temperature 
was 800 °C, the grain shape of the solidified 
microstructure was hexagonal, with wider grain 
boundaries (Fig. 2(a)). When the heating 
temperature was 820 °C, “snowflake” structure 
appeared on the edge, and a clear dividing line was 
observed, indicating that melting began at this time 
 

 
Fig. 2 Effect of heating temperature on OM micro- 

structure under 4 GPa: (a) 800 °C; (b) 820 °C; (c) 840 °C 

(Fig. 2(b)). When the heating temperature was 
840 °C, the microstructure of the alloy appeared as 
small snowflakes, indicating that the alloy had 
completely melted (Fig. 2(c)). Therefore, the 
heating temperature of the alloy under 4 GPa 
pressure was set to be 860 °C. Subsequently, the 
heating temperatures of the alloys under 2, 5, and  
6 GPa were 830, 910, and 960 °C, respectively. 

The sample was placed in the graphite   
sleeve [21], and then it was placed into the cavity of 
the hexahedral hydraulic ram. The hammers were 
placed toward the sample. The pressure was 
increased to the preset value, and the sample was 
rapidly heated to the preset temperature. After 
maintaining the temperature and pressure for 
15 min, the power supply was turned off. Finally, 
the alloy samples were cooled to room temperature 
under holding pressure.  

The microstructure of the alloy samples was 
observed using an i Scope A1 Pol optical 
microscope (OM) and a LEO JSM 5400 scanning 
electron microscope (SEM). The chemical 
composition of the samples was analyzed using 
SEM−EDS. Phase analysis was performed using a 
2500/PC X-ray diffraction (XRD); the angle range 
(2θ) was 20°−80°, and the scanning step was 0.3°. 
The electron backscatter diffraction (EBSD) 
technique was used to analyze the grain size of the 
samples and the number of crystal and 
heterogeneous nuclei within the scanned area. 
EBSD specimens were cut, mechanically ground  
on 800−5000# sandpapers, and subsequently 
electrolytically polished in a solution of 30% nitric 
acid alcohol. The EDAX TSL (Mahwah, NJ) OIM 
EBSD system was used, with Channel 5 for data 
analysis. 

Compression tests were performed using a 
WWD3100 testing machine at a strain rate of 
0.001 s−1 at room temperature. The hardness of the 
samples was tested using an HV−1000A tester with 
a load of 49 N. Testing 6−8 points on each sample 
resulted in the average hardness value. 
 
3 Results and analysis 
 
3.1 Solidification microstructure of Mg−Zn−Cu− 

Ca alloy 
Figure 3 shows the microstructure of the   

cast Mg−Zn−Cu−Zr−(Ca) alloy solidified under 
atmospheric pressure. In Fig. 3(a), coarse dendrites 
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are observed, and some dendrites are fragmented. 
EBSD data showed that the average dendrite size  
is 262 μm, and the number of crystal nuclei in 
Fig. 3(a) is approximately 32. 

Figure 4 shows the microstructure of Mg−Zn− 
Cu−Zr−(Ca) samples solidified under different 
pressures. Compared with Fig. 3(b), the primary 
dendrite α-Mg has fine and equiaxial “dendritic 
cluster” shape and the morphology of “dendrite 
cluster” is regular and complete, with few 
fragments and branches.  

For the samples solidified under 2 and 4 GPa, 
the number of nucleus per unit area, the average 

size of the “dendrite cluster,” and the secondary 
dendrite spacing were 108 and 203, 48 μm and 
36 μm, and 14 μm and 11 μm, respectively. For the 
samples solidified under 6 GPa, the number of 
crystal nucleus per unit area increases to 252 
(Fig. 5(a)), 7.9 times that of the sample solidified 
under atmospheric pressure. Meanwhile, the 
average size of the “dendrite cluster” and the 
secondary dendrite spacing are 24 μm and 6 μm, 
respectively. 

Additionally, Figs. 4(c, d) and 5 show that the 
number of crystal nuclei of the Mg−Zn−Cu−Zr−Ca 
samples increases by 2.17 times and their secondary  

 

 

Fig. 3 Optical microstructures of alloy at atmospheric pressure: (a) Mg−Zn−Cu−Zr alloy; (b) Mg−Zn−Cu−Zr−Ca alloy 

 

 

Fig. 4 Optical microstructures of Mg−Zn−Cu−Zr−(Ca) alloy solidified under different pressures: (a) Mg–Zn–Cu–Zr–Ca 

alloy, 2 GPa; (b) Mg–Zn–Cu–Zr–Ca alloy, 4 GPa; (c) Mg–Zn–Cu–Zr–Ca alloy, 6 GPa; (d) Mg–Zn–Cu–Zr alloy, 6 GPa 
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dendrite spacing decreases by 40% due to the 
addition of Ca under 6 GPa, compared with that of 
the Mg−Zn−Cu−Zr alloy (number of crystal nuclei 
per unit area is 116, and average dendrite size is 
10 μm). 

Figure 6 shows the effect of pressure and Ca 
addition on the grain size and the number of crystal 
nuclei of Mg−Zn−Cu−Zr alloy from EBSD data.  

 

 

Fig. 5 EBSD orientation images of solidification 

structure of experimental alloy under 6 GPa: (a) Mg– 

Zn–Cu–Zr–Ca alloy; (b) Mg–Zn–Cu–Zr alloy 

 

 

Fig. 6 Effect of solidification pressure and Ca addition 

on number and size of crystal nucleus of Mg–Zn–Cu–Zr 

alloy 

The number of crystal nuclei increases and the grain 
size decreases with increasing the pressure, as 
demonstrated in Fig. 6. The addition of Ca can 
further increase the number of crystal nuclei and 
refine the solidification structure of the alloy under 
high pressure. 

Figure 7 shows the effect of different pressures 
on the solidified microstructure of the Mg−Zn− 
Cu−Zr−Ca alloy. The second phase within the 
solidification structure of the alloy is mostly 
reticulate and distributed among the α-Mg  
dendrite, characterizing symbiotic eutectic structure 
(Figs. 7(a, b)). Under 2 GPa, the morphology and 
distribution of the second phase are similar to those 
of the alloy under normal pressure (Figs. 7(c, d)). 
With increasing pressure, the reticulate second 
phase among dendrites is not broken. However, the 
second phase gradually changes from the symbiotic 
eutectic to the divorced eutectic (“solid island- 
like”), and the amount of the granular or broken 
island-like second phase significantly increases 
(Figs. 7(e, h)). In addition, compared with the 
Mg−6Zn−0.5Cu−0.16Zr alloy solidified under high 
pressure, the volume fraction of the intergranular 
second phase increases significantly with the 
addition of Ca, which is twice that of the 
Mg−Zn−Cu−Zr alloy at 6 GPa, about 22%. 

Figure 8 shows the distribution of Zn, Cu and 
Ca in Mg−Zn−Cu−Zr−Ca alloy solidified under 
different pressures. Under atmospheric pressure,  
Zn, Cu and Ca elements tend to be segregated 
among the α-Mg dendrites and their amounts are 
relatively less in the matrix (Figs. 8(a, c, e)). In 
addition, the EDS data show that the solid solubility 
of Zn in the α-Mg matrix is 3.36 wt.% and that of 
Ca is only 0.07 wt.% (Table 1). Under 6 GPa, the 
segregation degree of Zn among dendrites is greatly 
reduced, more Zn element is dissolved into the 
α-Mg matrix, and the distribution of Zn in the 
grains is more uniform, as shown in Fig. 8(b). From 
the EDS data, the solid solubility of Zn in the  
α-Mg matrix is 5.54 wt.% under 6 GPa. For the 
Mg−Zn−Cu−Zr alloy solidified under 6 GPa, the 
solid solubility of Zn in the matrix is 4.12 wt.%. 
The addition of Ca further increases the solid 
solubility of Zn in the α-Mg matrix. It should be 
noted that Ca is distributed homogeneously in the 
matrix under 6 GPa, except for a few “Ca particle”, 
as shown in Fig. 8(f).  
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Fig. 7 Effect of solidification pressure on morphology of second phase in microstructure of Mg−Zn−Cu−Zr−Ca alloy: 

(a, b) Atmospheric pressure; (c, d) 2 GPa; (e, f) 4 GPa; (g, h) 6 GPa 

 
Figure 9 shows the XRD patterns of Mg−Zn− 

Cu−Zr−Ca samples solidified under different 
pressures. The microstructure of the Mg−Zn−Cu− 
Zr−Ca alloy solidified under atmospheric pressure 
is mainly composed of α-Mg, MgZn2, CuMgZn and 
Mg2Ca phases, according to the XRD and EDS  

data. At 2 GPa, the characteristic diffraction peaks 
of CuMgZn phase (2θ=21.4°, 43.2° and 67.4°) are 
observed. At 6 GPa, the CuMgZn phase is hardly 
observed, but the characteristic diffraction peaks of 
Mg7Zn3 (2θ=23.7°, 36.7°, 38.9° and 39.6°) are 
observed. The characteristic diffraction peaks of  
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Fig. 8 SEM images of Mg−Zn−Cu−Zr−Ca alloy: (a, c, e) Conventional cast alloy; (b, d, f) Alloy solidified under 6 GPa 
 
Table 1 Characteristic values of solidification microstructure and mechanical properties of Mg−Zn−Cu−Zr−Ca alloy 

Pressure/ 
GPa 

Solidification microstructure characteristics Solubility/wt.% Mechanical properties 

Number of 
crystal 

nuclei/μm−2 

Size of  
“dendritic 

cluster”/μm 

Secondary 
dendrites

spacing/μm
Zn Cu Ca 

Hardness 
(HV) 

Maximum breaking 
resistance, σb/MPa 

1.013×10−4 32 262 21 3.36 0.12 0.07 62 240 

2 150 48 14 4.49 0.28 0.04 75 409 

4 170 36 11 5.08 0.36 0.04 88 453 

6 430 22 6 5.54 0.45 0.06 109 520 

 

MgZn2 (2θ=41.5°, 41.8°, 68.7°, 70.1° and 78.3°) 
are also found on the pattern of the alloy solidified 
under 6 GPa. Thus, the microstructure of the 
Mg−Zn−Cu−Zr−Ca alloy solidified under 6 GPa 
mainly consists of α-Mg, Mg7Zn3, MgZn2 and 
Mg2Ca. 

The crystal structure of Mg and Zn is HCP, 
and that of Ca is FCC. The atomic radii of Mg, Zn, 
and Ca are 150, 138 and 180 pm, respectively. The 
atomic size difference between Zn and Mg is 8%, 
whereas it is 20% between Ca and Mg; therefore, 
the solid solubility of Ca in α-Mg is relatively low 
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Fig. 9 XRD patterns of Mg−Zn−Cu−Zr−Ca alloy 

solidified under different pressures 

 
under atmospheric pressure. Owing to the 
equilibrium partition coefficients, k0<0, the 
concentration of solute atoms in the liquid phase at 
the solid–liquid interface continuously increases 
during solidification. As Ca is a surface-active 
element for Mg, Ca is adsorbed on the solid surface 
during the crystallization of α-Mg, which can 
reduce the surface energy of the solid–liquid 
interface and hinder the transfer of other solute 
elements (Zn, Cu, etc). Because of the slow 
diffusion of Ca, undercooling will occur near the 
liquid-phase interface; hence, the nucleation ratio of 
α-Mg increases. In summary, the above factors can 
inhibit the growth of α-Mg grains. For the alloy 
solidified under atmospheric pressure, Ca is mainly 
enriched among the α-Mg dendrites, and the 
solidification structure can be refined to a certain 
extent. 

For the alloy solidified under extremely high 
pressure, the diffusion of solute atoms is difficult, 
and the redistribution of solute atoms is weakened 
during solidification, owing to exponential decay  
of the solute atom diffusion coefficient [22−29]. 
During the solidification process, the solid 
solubility of Zn in the α-Mg matrix gradually 
increases with increasing pressure, and the 
segregation degree of Zn among the α-Mg dendrites 
is lower than that under atmospheric pressure, 
resulting in a decrease in the atomic percentage of 
Zn in the intergranular second phase. Therefore, the 
diffraction peak intensity of the CuMgZn phase 
with a high Zn/Mg ratio is gradually weakened, 
whereas that of the Mg7Zn3 phase with a lower 
Zn/Mg ratio is gradually enhanced. Ca, with a 

larger difference in atomic radius, is more difficult 
to diffuse, and almost completely dissolves in the 
matrix without dendrite segregation. When the 
solidification pressure is high enough, Ca will be 
expelled from the matrix, forming many Mg2Ca 
particles [14] that may become effective 
heterogeneous nuclei of α-Mg during high-pressure 
solidification. 

The orientation relationships analyzed by 
EBSD are shown between the MgZn2 particles and 
α-Mg matrix in Figs. 10(a, b), and between the 
Mg2Ca particles and α-Mg matrix in Figs. 10(c, d). 

The crystal structures of MgZn2 and Mg are 
both HCP; the positions of 

2MgZn[1210] Kikuchi 
pole and -Mg[1210]α Kikuchi pole are very close, 
and the 

2MgZn(10 10) Kikuchi band is parallel to the 

-Mg(1010)α Kikuchi band, as shown in Figs. 10(a, b). 
Therefore, the orientation relationship between  
the MgZn2 and α-Mg matrix is 

2MgZn[1210] //  

-Mg[1210]α  and 
2MgZn -Mg(10 10) //(10 10) .α  Similarly, 

from Figs. 10(c, d), the orientation relationship 
between Mg2Ca and α-Mg matrix is 

2Mg Ca[0001] // 

-Mg[1210]α  and 
2Mg Ca(0001) // -Mg[1010]α . 

According to the EBSD data, MgZn2 and 
Mg2Ca with the HCP structure become effective 
heterogeneous nuclei substrates of α-Mg during 
high-pressure solidification when Ca is added    
to the alloy. Most Ca elements are effective 
heterogeneous nuclei substrates of α-Mg in the  
form of tiny Mg2Ca particles under extremely high 
pressure, increasing the number of crystal nuclei 
and refining the microstructure, which is different 
from the role of Ca under atmospheric pressure. 

In summary, the number of crystal nuclei 
within the measured area increases from 116 to 252, 
and the size of the “dendrite cluster” decreases from 
48 to 22 μm after Ca is added to the M−Zn−Cu−Zr 
alloy at 6 GPa. In addition, the solubility of Zn in 
the α-Mg matrix increases from 4.12% to 5.54%. 
As more Zn dissolves into the matrix, the 
intergranular second phase changes from the 
CuMgZn phase with a higher Zn/Mg ratio to the 
Mg7Zn3 phase with a lower Zn/Mg ratio, and most 
show discontinuous island or particle shape. 
 
3.2 Mechanical properties of Mg−Zn−Cu−Zr− 

Ca alloy 
Figure 11 displays the relationship between the 

hardness and solidification pressure of the alloys. 
With the addition of Ca, the hardness of the alloy  
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Fig. 10 EBSD patterns of particle phase in solidified Mg−Zn−Cu−Zr−Ca alloy and its surrounding Mg matrix under   

6 GPa: (a, b) MgZn2/α-Mg; (c, d) MgCa2/α-Mg 

 

 

Fig. 11 Effect of solidification pressure on hardness of 

Mg−Zn−Cu−Zr−Ca alloy 
 
increases under atmospheric pressure, owing to the 
refinement of grains and the amount increase of the 
second phase.  

Thereafter, the hardness of the alloys increases 
with increasing pressure. At 4 and 6 GPa, the 
hardness values of the Mg−Zn−Cu−Zr−Ca alloy 
reach HV 88 and HV 109, respectively. Compared 
with the alloy without Ca, the Mg−Zn−Cu−Zr−Ca 
alloy has higher hardness. This is related to finer 
grains, higher solid solubility of Zn in the matrix, 

and more granular or island-like second phase. 
Figures 12 and 13 show the compression 

properties of the alloys under different pressures. 
The compressive strength (σb) of the alloy with Ca 
addition increases from 170 to 228 MPa, and the 
relative compressibility (δ) increases from 11.2% to 
14.8%. Further, σb of the alloy increases to 
409 MPa, and δ also increases to 21% at 2 GPa. 
Thereafter, the strength of the alloy increases with 
increasing pressure, but the plasticity decreases. 
Under a pressure of 6 GPa, the σb value of the 
Mg−Zn−Cu−Zr−Ca alloy is up to 520 MPa. The 
strength has exceeded the highest strength value 
(380 MPa) of the cast Mg−Gd−Y−Zn alloy reported 
so far [17]. Moreover, the Mg−Zn−Cu−Zr−Ca  
alloy retains appropriate plasticity (16.6%). The 
improved mechanical properties can be attributed to 
the following factors: (1) strengthening caused by 
the refinement of the solidification structure with 
the addition of Ca, (2) solid solution strengthening 
resulting from further increases in the solubility of 
Zn in the matrix, and (3) dispersion strengthening 
caused by the increase of the granular or island-like 
second phase. Therefore, on account of the 
combination of grain refinement strengthening, 
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solid solution strengthening, and dispersion 
strengthening, the compression strength of Mg−Zn− 
Cu−Zr−Ca alloy solidified under 6 GPa is up to 
520 MPa. 
 

 

Fig. 12 Stress−strain curves of Mg−Zn−Cu−Zr−Ca alloy 

 

 

Fig. 13 Relationship of mechanical performance and 

solidification pressure 

 
4 Conclusions 
 

(1) During solidification under extremely high 
pressure, the pressure can increase the number of 
crystal nuclei by reducing the critical nucleation 
energy and critical nucleus radius of heterogeneous 
nucleation, as well as decreasing the interfacial 
tension. Simultaneously, owing to the addition of 
Ca, Mg2Ca particles are gradually formed in the 
alloy with the increase in solidification pressure. 
Mg2Ca and MgZn2 become effective heterogeneous 
nuclei of α-Mg, which profoundly refines the 
microstructure. The grain size is reduced from 262 
to 22 μm. 

(2) Under high pressure, Ca element is mostly 
distributed in the matrix or forms Mg2Ca particles, 

and more Zn is dissolved in the matrix. Therefore, 
the intergranular second phase gradually changes 
from the CuMgZn phase with a higher Zn/Mg ratio 
to the Mg7Zn3 phase with a lower Zn/Mg ratio, and 
the volume fraction of the intergranular second 
phase increases. 

(3) Owing to the addition of Ca, the 
solidification structure of the alloy is further refined. 
Moreover, the solid solubility of Zn in the matrix 
increases, and the volume fraction of the inter- 
granular second phase also increases. Therefore, the 
compression strength of the Mg−Zn−Cu−Zr−Ca 
alloy is as high as 520 MPa. Moreover, the 
Mg−Zn−Cu−Zr−Ca alloy retains appropriate 
plasticity (16.6%). 
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超高压下凝固 Mg−Zn−Cu−Zr−Ca 合金的 
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摘  要：在 2~6 GPa 下对 Mg−Zn−Cu−Zr−Ca 合金进行凝固。利用 SEM 和 EBSD 等分析手段研究高压凝固过程中

Ca 的分布及对合金凝固组织的影响，并采用压缩试验研究合金的力学性能。结果表明，与常规铸造合金中 Ca 多

偏聚在枝晶间不同，高压凝固合金中 Ca 多固溶于基体中以及形成 Mg2Ca 质点相。Mg2Ca 质点相为 α-Mg 晶体强

有效的异质晶核，极大增加高压凝固过程总晶核数目并细化凝固组织，6 GPa 下合金晶粒尺寸细化至 22 μm。由

于枝晶间无 Ca 偏聚，更多的 Zn 固溶到基体中，导致晶间第二相由 Zn/Mg 比较高的 MgZn 相(常压)逐渐转变为

Zn/Mg 比较低的 Mg7Zn3 相，并且晶间第二相体积分数增加至 22%。细晶强化、固溶强化以及弥散强化使 6 GPa

凝固的 Mg−Zn−Cu−Zr−Ca 合金强度高达 520 MPa。 

关键词：高压凝固；Mg−Zn−Cu−Zr−Ca 合金；Mg2Ca 质点相；固溶强化；细晶强化 
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