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Abstract: The effect of Sn, Ca, Al, Si and Zn addition on the compressive strength of cast Mg−Sn−Ca (TX) alloys was studied in the 
temperature range of 25−250 °C and correlated with the microstructure. The Sn to Ca mass ratio up to 2.5 contributes to the 
formation of Mg2Ca phase at the grain boundaries and CaMgSn in the matrix, while a ratio of 3 gives only CaMgSn phase mostly in 
the matrix. While the compressive strength decreases with the increase in temperature, for Sn/Ca up to 2.5, a plateau occurs in 
100−175 °C, which is attributed to the strengthening by Mg2Ca. However, for ratio of 3, the strength is lower and decreases more 
gradually. Mg−3Sn−2Ca (TX32) has the highest strength and the addition of 0.4% Al increases its strength but simultaneous addition 
of Si lowers the strength. Likewise, the addition of Zn improves its strength but simultaneous addition of Al slightly decreases the 
strength. The results are correlated with the types of intermetallic phases that form in various alloys. 
Key words: Sn/Ca ratio; Mg−Sn−Ca alloys; alloying additions; microstructure, compressive strength 
                                                                                                             
 
 
1 Introduction 
 

In view of their low density, high specific strength 
and damping capacity, magnesium alloys are being 
developed for applications in automotive, aerospace, 
electronics and sporting goods industries. In general, AZ 
and AM series of wrought Mg alloys are being 
investigated due to theirs good mechanical properties 
although they have problems associated with lower creep 
and corrosion resistance [1−3]. To mitigate some of these 
problems, an alternate alloy system based on Mg−Sn−Ca 
(TX series) is being considered [4]. Sn has a low melting 
point while Ca has a low density. In Mg−Sn−Ca system, 
Sn forms a solid solution with Mg and imparts corrosion 
resistance whereas Ca forms thermally stable 
intermetallic particles in the matrix to enhance creep 
strength [5,6]. It is observed that the alloy with Sn/Ca 
ratio of 1.5 provides the lowest creep rate [6] since 
Mg2Ca formed at the grain boundaries reduces grain 
boundary sliding. However, the alloy with higher Sn/Ca 
ratio of 5 (Mg−5Sn−1Ca) forms Mg2Sn phase which is 

thermally sensitive and lowers the creep resistance [5]. 
So the ratio of Sn/Ca is an important variable in deciding 
the properties of this ternary alloy and TX32 is a suitable 
choice in view of its acceptable creep properties. The 
alloying addition of Al and Zn may be considered to 
further strengthen this ternary alloy as they form solid 
solution with Mg and cause strengthening. The addition 
of Si promotes the formation of intermetallic compounds 
such as CaMgSi and Mg2Si [7] that would adversely 
affect the tensile properties while creep properties may 
be improved [8]. 

There are two objectives in this investigation. The 
first one is to examine the effect of Sn/Ca ratio on the 
higher temperature compressive strength of ternary 
Mg−Sn−Ca alloys and establish a correlation with the 
phase constituents present in the microstructure. Two sets 
of alloys are chosen for this purpose. 1) The Sn/Ca mass 
ratio is increased by increasing Sn content and keeping 
Ca constant. 2) Both Sn and Ca contents are changed 
while keeping Sn/Ca ratio constant at 3. The second 
objective is to evaluate the effect of other ternary and 
quaternary additions on the strength of TX32 alloy. For 
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this purpose, further additions of Al, Al+Si, Zn or Al+Zn 
are made to TX32 alloy and the resultant mechanical 
properties are evaluated. 
 
2 Experimental 
 

The nominal compositions of the alloys studied are 
given in Table 1. The alloys were melted under a 
protective cover of Ar+3%SF6 mixed gas atmosphere and 
poured in pre-heated permanent molds at a temperature 
of about 720 °C to produce cylindrical billets of 100 mm 
in diameter and 350 mm in height. Cylindrical specimens 
of 10 mm in diameter and 15 mm in height for 
compression testing were machined from the cast billets. 
For evaluating the compressive strength, slow strain rate 
or static compression tests were conducted at different 
temperatures in the range of 25−250 °C and at a strain 
rate of 0.0001 s−1 using a computer-controlled 
servo-hydraulic testing machine (DARTEC, UK, 
M1000/RK). The temperature during the test was 
measured using a thermocouple embedded in a 1 mm 
diameter and 5 mm depth hole drilled at mid-height to 
the centre of the specimen. Graphite powder mixed with 
grease was used as the lubricant. Using standard 
equations, the load−stroke data were converted into true 
stress−true strain curves and the ultimate compressive 
strength was recorded. 

The microstructural features of the alloys were 

characterized using optical metallurgical microscope 
(OMM – OLYMPUS/PMG3) and scanning electron 
microscope (SEM−JEOL JSM-5600) equipped with 
energy dispersive spectroscope (EDS−OXFORD/AZtec). 
The X-ray diffraction (XRD) was conducted using the 
Siemens D-5000 diffractometer with Cu Kα radiation 
(λ=1.5406 Å) in the 2θ range between 20° and 80° with 
the scanning step of 0.05°. The main constituent phases 
of the alloys were confirmed using XRD and EDS 
mapping. Micro-hardness in HV was measured using a 
load of 500 mN (MH−Fischerscope HM2000 XYp). 
 
3 Results and discussion 
 
3.1 Effect of Sn/Ca ratio 
3.1.1 As-cast microstructure 

The initial microstructures of as-cast TX22 are 
shown in Fig. 1 which is typical of all other alloys, 
except TX62 in the first set. The microstructure exhibits 
two phases with a large volume of Mg2Ca phase at the 
grain boundaries and needle-like CaMgSn intermetallic 
particles within the matrix. Mg2Ca phase is present to a 
small extent in TX52. The microstructure of TX62 is 
shown in Fig. 2, which is typical of the alloys in      
the second set including TX41 and TX31. The 
microstructure exhibits only the ternary phase CaMgSn 
and it appears that a Sn/Ca mass ratio of 3 binds   
nearly all the Ca in forming CaMgSn particles while the 

 
Table 1 Selected as-cast magnesium alloys with their nominal composition, main intermetallic phases present, grain size and 
hardness 

Composition 
(mass fraction, %) Designation Main phase Typical grain 

size/µm 
Micro-hardness

range (HV) 
Mg−2Sn−2Ca TX22 Mg2Ca, CaMgSn 350 38−43 

Mg−3Sn−2Ca TX32 Mg2Ca, CaMgSn 455 40−48 

Mg−4Sn−2Ca TX42 Mg2Ca, CaMgSn 570 46−55 

Mg−5Sn−2Ca TX52 CaMgSn, Mg2Ca (small) 500 47−56 

Mg−3Sn−1Ca TX31 CaMgSn >500 38−48 

Mg−4.5Sn−1.5Ca TX41 CaMgSn >500 37−46 

Mg−6Sn−2Ca TX62 CaMgSn >800 37−48 

Mg−3Sn−2Ca−0.4Al TXA320 (Mg,Al)2Ca, Ca2Sn_Mg 250 48−52 

Mg−3Sn−2Ca−1Al TXA321 (Mg,Al)2Ca, Ca2Sn_Mg 300 45−52 

Mg−3Sn−2Ca−0.4Al−0.2Si TXA320−S.02 Ca2Sn_Mg, CaMgSi, Mg2Ca 600 42−52 

Mg−3Sn−2Ca−0.4Al−0.4Si TXA320−S.04 Ca2Sn_Mg, CaMgSi, Mg2Ca (small) 500 47−59 

Mg−3Sn−2Ca−0.4Al−0.6Si TXA320−S.06 Ca2Sn_Mg, CaMgSi 550 40−54 

Mg−3Sn−2Ca−0.4Al−0.8Si TXA320−S.08 Ca2Sn_Mg, CaMgSi 800 48−52 

Mg−3Sn−2Ca−0.4Zn TXZ320 Mg2Ca, Ca2Sn_Mg, Ca2Mg6Zn3 230 49−60 

Mg−3Sn−2Ca−1Zn TXZ321 Mg2Ca, Ca2Sn_Mg, Ca2Mg6Zn3 220 58−63 

Mg−3Sn−2Ca−0.4Al−0.4Zn TXAZ3200 (Mg,Al)2Ca, Ca2Sn_Mg, Ca2Mg6Zn3 140 49−64 

Mg−3Sn−2Ca−1Al−1Zn TXAZ3211 (Mg,Al)2Ca, Ca2Sn_Mg, Ca2Mg6Zn3 135 47−61  
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Fig. 1 SEM image of as-cast TX22 (Mg−2Sn−2Ca) alloy 
 

 
Fig. 2 SEM image of as-cast TX62 (Mg−6Sn−2Ca) alloy 
 
remaining Sn dissolves in the matrix. The average grain 
diameter is very large (350−800 µm) in all the cases and 
the micro-hardness values vary in the range of HV 38−56 
(Table 1). The existence of these two phases in the alloys 
with different Sn/Ca ratios has been reported [6,9−13]. 
3.1.2 Compressive behavior 

The typical true stress−true strain curves obtained 
on TX32 alloy at different temperatures are shown in 
Fig. 3. The other alloys with different Sn/Ca ratio also 
exhibit similar stress−strain behavior. All alloys exhibit 
good ductility at 250 °C indicating the beginning of 
workability temperature range. 

 

 
Fig. 3 Compressive true stress−true strain curves of as-cast 
TX32 alloy at various temperatures 

The photographs of the specimens compressed    
at different temperatures are shown in Fig. 4. All the 
specimens deformed at temperatures less than 150 °C 
exhibit shear fracture caused by adiabatic shear bands 
which are formed at about 45° with respect to the 
compression axis. At higher temperatures, the 
deformation is characterized by shear localization where 
the localized bands are formed at about 35° with respect 
to the compression axis. In view of limited slip systems 
in the alloys (mostly basal slip) and strengthening by 
CaMgSn precipitates in the matrix, all the alloys exhibit 
low ductility due to flow localization at temperatures less 
than 200 °C. At temperature higher than 225 °C, 
prismatic slip occurs in addition to basal slip and thus 
enhances the ductility. 

 

 

Fig. 4 Photographs of specimens of as-cast TX42 
(Mg−4Sn−2Ca) compressed at different temperatures between 
25−250 °C and strain rate of 0.0001 s−1 (the compression axis 
is vertical) 

 
3.1.3 Compressive strength 

The variation of ultimate compressive strength 
(UCS) of Mg−Sn−Ca alloys having different Sn/Ca 
ratios with temperature is shown in Fig. 5. The 
compressive strength of all Mg−Sn−Ca alloys is shown 
as a function of temperature in Fig. 6. The error 
estimated for the data is within 5%. At each temperature, 
the strength is nearly unaffected by Sn/Ca ratio from 1 to 
2.5, but dropped for the ratio of 3 (TX62). It may be 
recalled that all the alloys with Sn/Ca ratio up to 2.5 have 
Mg2Ca phase at the grain boundaries and this  
strengthens them and reduces their sliding. On the other 
hand, when the Sn/Ca ratio is 3, only CaMgSn particles 
are present in the matrix, and the grain boundary sliding 
reduces the strength with increasing temperature. Thus, 
Mg2Ca phase at the grain boundaries is beneficial in    
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Fig. 5 Variation of ultimate compressive strength of as-cast 
Mg−Sn−Ca alloys with different Sn to Ca mass ratios 
 

 
Fig. 6 Variation of ultimate compressive strength of as-cast 
Mg−Sn−Ca alloys with temperature 
 
retaining the strength over a temperature range of 
25−175 °C. 

The behavior is different for the two sets of alloys 
as shown in Fig. 6. In the first set of alloys (TX22, TX32, 
TX42 and TX52) where the Sn/Ca ratio is less than 3, the 
strength decreases with temperature up to about 100 °C, 
and reaches a near plateau before rapidly falling beyond 
175 °C. The microstructures of these alloys show that 
CaMgSn phase is present in the matrix and Mg2Ca phase 
is at grain boundaries. The Mg2Ca phase strengthens the 
grain boundaries and reduces their sliding due to pinning 
which may be responsible for the occurrence of plateau 
in the strength variation. At temperature higher than 175 
°C, thermal energy overcomes the pinning effect and 
grain boundary sliding resumes. The strength of as-cast 
TX32 at temperatures of 25−175 °C is the highest among 
all the Mg−Sn−Ca alloys studied. 

In the second set of alloys (TX62, TX41 and TX31 
with Sn/Ca ratio of 3), the strength (UCS) continuously 
decreases with temperature. These alloys are 
strengthened by CaMgSn precipitates and are relatively 

free from grain boundary precipitates. However, this 
intermetallic phase does not play a significant role in 
enhancing the mechanical properties [14]. TX62 is 
stronger than TX41 and TX31 because of the higher 
volume of CaMgSn. 

 
3.2 TX32 alloy with Al and Al+Si additions 
3.2.1 As-cast microstructure 

The intermetallic phases identified in TX32+Al and 
TX32+Al+Si alloys are given in Table 1. The 
microstructure of the starting material of as-cast 
TXA320−S0.4 (Mg−3Sn−2Ca−0.4Al−0.4Si) alloy is 
shown in Fig. 7. In this quaternary alloy, Ca2Sn_Mg and 
CaMgSi phases are present in the matrix whereas a small 
amount of Mg2Ca is present at the grain boundaries. That 
is, a small amount of Si addition develops an entirely 
different set of intermetallic phases (Ca2Sn and CaMgSi) 
instead of CaMgSn phase in the base alloy TX32 [7]. 
 

 
Fig. 7 Optical microstructure of as-cast TXA320−S0.4 alloy 
 
3.2.2 Compressive strength 

The variation of UCS of as-cast Mg−3Sn−2Ca− 
0.4Al alloy (TXA320) with increased additions of Si 
(0.2%−0.8%, in step of 0.2%) as a function of 
temperature (25−250 °C) is shown in Fig. 8 along with 
the base alloy TX32. The alloy TX32 with 0.4% Al 
shows compressive strength that is slightly higher than 
that of TX32 based alloy up to temperature 100 °C. The 
addition of Si to TXA320 results in a reduction in 
strength, in particular with increase in temperature. The 
addition of Si often promotes the precipitation of Si 
containing particles, such as CaMgSi, which form during 
solidification and are quite detrimental to the mechanical 
properties of Mg alloys [15,16]. The strength drops 
gradually with increasing temperature and reaches a near 
plateau between 100 °C to 175 °C beyond which it drops 
rapidly. The formation of other compounds containing Al 
and Si can be discounted due to negligible solid 
solubility of Si in Mg [17]. It has been observed that 
ultimate tensile strength (UTS) decreases with increasing 
Si content [18] in cast Mg−Al−Si composites. Also, the 
addition of Si to some aluminum containing magnesium 
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alloys improves creep resistance while reducing the 
tensile properties [8]. The present results clearly show 
that, unlike the Al addition, Si addition is not useful for 
improving the strength of the base alloy TX32. 
 

 

Fig. 8 Variation of ultimate compressive strength of     
as-cast Mg−3Sn−2Ca with addition of Al and Al+Si with 
temperature 
 
3.3 TX32 alloy with addition of Al, Zn and Al+Zn 
3.3.1 As-cast microstructure 

The microstructures of as-cast TXA321 and 
TXZ321 alloys are shown in Figs. 9 and 10. The phases 
identified in these alloys are given in Table 1. Ca2Sn_Mg, 
Mg2Ca and Ca2Mg6Zn3 are present in the quaternary 
TX32+Zn alloys. The existence of the above phases was 
confirmed by X-ray diffractometry and is shown in   
Fig. 11(a). The possible formation of Ca2Mg6Zn3 phase 
by the addition of Zn to TX32 based alloy is also 
indicated by EDS shown in Fig. 11(b), and the phase is 
similar to that reported on Mg−Ca−Zn alloy system 
[19−23]. Al addition facilitates the formation of 
Ca2Sn_Mg, Mg2Ca and Al2Ca or (Mg,Al)2Ca. The grain 
size reduces significantly due to the addition of Al, Zn, 
or both, the latter being most significant. 
3.3.2 Compressive strength 

The high-temperature compressive strength values 
of TX32 alloy containing Al, Zn or Al+Zn with 
temperature in the range of 25−250 °C are shown in 
Fig. 12. The strength decreases initially with temperature 
from 25 to 100 ○C and reaches a near plateau in the range 
of 100−175 ○C beyond which it drops sharply. In alloys 
with grain boundary phases, the occurrence of plateau 
may be attributed to the presence of intermetallic 
particles at the grain boundaries which act as barriers to 
the dislocation motion and grain boundary sliding. The 
barriers can be overcome if the thermal energy is 
sufficient to cross the obstacles at higher temperatures 
and hence, strength drops from 200 °C. 

 

 

Fig. 9 Microstructures of as-cast TXA321 alloy: (a) Optical 
image; (b) SEM image 
 

 
Fig. 10 Microstructures of as-cast TXZ321 alloy: (a) Optical 
image; (b) SEM image 
 

The alloys with either Al or Zn show significantly 
increased strength compared to their TX32 based alloy  
at most of the test temperatures. The alloy with 1% Zn  
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Fig. 11 XRD pattern (a) and EDS spectrum (b) of as-cast 
TXZ321 alloy 
 

 
Fig. 12 Variation of ultimate compressive strength of as-cast 
Mg−3Sn−2Ca with addition of Al, Zn and Al+Zn with 
temperature 
 
addition exhibits the highest compressive strength among 
these alloys, which shows that solid solution 
strengthening by Zn is significant. Also, contribution due 
to the precipitation of intermetallic phase Ca2Mg6Zn3 will 
also be additive [19,20]. The alloys with the addition of 
Al+Zn together show intermediate levels of strength, 
indicating the strengthening effect of these two elements 
in magnesium alloys [24,25]. 

 
4 Conclusions 
 

1) In ternary alloys with Sn/Ca mass ratio up to 2.5, 
the microstructure consists of CaMgSn phase in the 
matrix and Mg2Ca phase at grain boundaries, while in 
alloys with the mass ratio of 3 only CaMgSn phase is 
present. 

2) In alloys with Sn/Ca mass ratio up to 2.5, the 
variation of compressive strength with temperature 
exhibits a plateau in the temperature range of 
100−175 °C, which may be attributed to the presence of 
Mg2Ca phase at the grain boundaries. 

3) When the Sn/Ca mass ratio is 3, the compressive 
strength is lower than that with a mass ratio less than 2.5 
and decreases more rapidly with increase in temperature. 

4) The strength of as-cast TX32 is the highest 
among all the ternary Mg−Sn−Ca alloys studied. 

5) The addition of Zn to TX32 significantly 
improves the strength compared with the addition of Al, 
while Si addition is detrimental. 
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添加合金化元素对铸态 Mg−Sn−Ca 合金的 
显微组织和力学性能的影响 
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摘  要：在铸态 Mg−Sn−Ca (TX 系列)合金中添加不同含量的 Sn、Ca、Al、Si 和 Zn 等合金化元素，研究其在 25~250 

°C 温度范围内的压缩强度和显微组织变化。当合金中 Sn/Ca 质量比到达 2.5 时，在晶界处有 Mg2Ca 相生成；而当

Sn/Ca 质量比为 3 时，合金基体中只有 CaMgSn 相存在。当 Sn/Ca 质量比在 2.5 以上时，合金的压缩强度随着温

度的升高而降低，在 100~1750 °C 保持基本不变，这主要是由于生成的 Mg2Ca 相的强化作用所致。然而，当 Sn/Ca

质量比为 3 时，合金的强度较低，且随着温度的升高而下降更快。在这些合金中，Mg−3Sn−2Ca 合金的强度最高。

向其中添加 0.4%Al 会导致其强度增加，然而同时添加 Si 会导致强度下降。同样地，添加 Zn 也能够提高合金的

强度，而同时添加 Al 会导致强度下降。导致合金强度变化的原因与合金中生成的各种金属间化合物有关。 

关键词：Sn/Ca 质量比；Mg−Sn−Ca 合金;合金化元素；显微组织；压缩强度 
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