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Abstract: The microstructure and mechanical properties of the ZM81 alloys with various Sn contents after extrusion and T6 treat-

ments were investigated by OM, XRD, SEM, TEM, hardness test and uniaxial tensile test at room temperature. The results show that 

after the addition of Sn element, an Mg

2

Sn eutectic phase is formed, which can refine the as-cast microstructure. Sn element has an 

obvious effect on refining the microstructure of as-extruded alloys by restricting the occurrence of dynamic recrystallization and re-

straining the grain growth during extrusion, and improves the mechanical properties. T6 treatments, especially the double aging, can 

significantly increase the strength of the extruded alloys. Among them, the ZM81-4Sn alloy with double aging exhibits an ultimate 

tensile strength of 416 MPa, a 0.2% yield strength of 393 MPa and an elongation of 4.1%. The microstructure characterization sug-

gests that the high strength of the peak-aged alloys is attributed to the combined precipitation strengthening of the fine and dispersed 

MgZn

2

 and Mg

2

Sn precipitates, and the precipitates after double peak aging are finer than those after single peak aging.  
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As the lightest structural metal materials, magnesium (Mg) 

alloys have great potential for weight reduction of automo-

biles and other transportation vehicles

[1]

 . However, the ap-

plication of Mg alloys is still restricted due to their inade-

quate strength, poor formability, and high cost of expensive 

composition elements used and/or special processing tech-

nology involved 

[2]

. Therefore, it is necessary to develop 

some new wrought Mg alloys with high strength and 

low-cost to further broaden the application of Mg alloys. 

Mg-Zn system alloys are the most widely used wrought 

Mg alloys, which have a more pronounced response to age 

hardening compared to other Mg alloys 

[3,4]

. Recently, as a 

new promising high-strength Mg alloy, Mg-6Zn-1Mn (wt%, 

ZM61) alloy has attracted attention due to its good castabil-

ity, excellent formability and significant precipitation 

hardening response 

[5-7]

. In our previous study, it is reported 

that ZM61 alloy with double aging (high temperature aging 

after pre-aging at a lower temperature) after solution treat-

ment exhibits higher strengths than single aged alloy.  In 

this study, the microstructure and mechanical properties of 

Mg-xZn-1Mn (x=4, 5, 6, 7, 8, 9, wt%) alloy were investi-

gated and it is found that Mg-8Zn-1Mn (ZM81) alloy ex-

hibits the highest tensile properties 

[6]

. 

In addition, the Mg-Sn alloy is known as a precipita-

tion-hardening system due to the formation of Mg

2

Sn pre-

cipitates (fcc, a=0.676 nm, point group m 3m) 

[8,9]

. How-

ever, the precipitation hardening response in the binary al-

loy is low because the Mg

2

Sn precipitates form with a 

lath-shaped morphology on the (0001)

Mg

 basal planes of the 

matrix

[8,10]

. Sasaki et al 

[11]

 reported that a minor addition of 

Zn can enhance the age-hardening response of the binary 

alloy through homogeneous dispersion of the precipitates. 
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Since the Zn content is too low, it may be difficult to give 

full play to precipitation strengthening effect of MgZn

2

 

phase. Recently, some researches on the alloying and heat 

treatment of highly alloyed Mg-Sn-Zn based alloys have 

been reported

[11-14]

. Based on the previous researches by our 

research group 

[6, 12]

, it is of great interest to research the 

microstructure and mechanical properties of the ZM81 al-

loys with different Sn contents. Therefore, in the present 

study, the effects of Sn addition on the microstructure and 

mechanical properties of ZM81 alloy were investigated.  

1 Experiment 

The alloy ingots with a nominal composition of 

ZM81-xSn (x=0, 2, 4, 6, 8, 10, wt%) were prepared by 

commercial purity Mg (�99.9%), pure Zn (�99.95%), 

pure Sn (�99.9%) and Mg-4.1%Mn master alloy. All the 

materials added were melted in a steel crucible inside an 

electrical resistance furnace under a SO

2

+CO

2

 protective 

gas and then cast into a steel mold. The chemical composi-

tions were analyzed by XRF-800 CCDE X-ray fluorescence 

spectrometer and the result is shown in Table 1. The ingots 

were then homogenized at 330°C for 24 h followed by air 

cooling. The homogenized ingots were extruded at 330 °C 

with an extrusion ratio of 25 and a ram speed of 2 mm/s. 

Then the extruded bars were solution-treated at 400 °C for  

3 h followed by water quenching (T4). After solution treat-

ment, the following artificial aging treatments (T6) would 

be divided into single aging and double aging. The single 

aging was carried out at 180 °C until peak hardness was 

reached. The double aging was carried out by pre-aging at 

90 °C for 24 h, followed by the second aging at 180 °C until 

peak hardness was reached.  

Hardness measurements were performed by a mi-

cro-Vickers apparatus under a load of 50 g. The mechanical 

properties of the as-extruded and peak-aged samples were 

evaluated by tensile tests at room temperature. The tensile 

tests were conducted on a Sans CMT-5105 electronic uni-

versal testing machine at room temperature with a 

cross-head speed of 3 mm/min.  

 

Table 1  Chemical composition of the test alloys 

Actual composition/wt% 

Nominal alloy 

Mg Zn Mn Sn 

ZM81 Bal. 7.86 0.96 — 

ZM81-2Sn Bal. 7.42 1.02 2.19 

ZM81-4Sn Bal. 7.68 0.91 4.09 

ZM81-6Sn Bal. 7.62 1.03 6.15 

ZM81-8Sn Bal. 7.67 0.98 8.37 

ZM81-10Sn Bal. 7.64 0.97 9.72 

Microstructure was characterized by optical microscopy 

(OM), scanning electron microscopy (SEM) and transmis-

sion electron microscopy (TEM). The SEM observation was 

performed by a TESCAN VEGA� scanning electron mi-

croscope equipped with an Oxford INCA Energy 350 en-

ergy dispersive X-ray spectrometer (EDS). The TEM ob-

servation was carried out using a Zeiss LIBRA 200 FE 

equipped with an EDS detector. Phase constitution was de-

termined by a Rigaku D/max 2500PC X-ray diffractometer 

(XRD) using a Cu Kα radiation with a scanning angle from 

10° to 90° and a scanning rate of 4°/min. 

2  Results and Discussion 

2.1  As-cast microstructure 

Fig.1 shows the optical microstructures of the as-cast al-

loys. It can be seen that the as-cast microstructure consists 

of coarse α-Mg dendrites, interdendritic and eutectic com-

pounds between dendrite arms. As the Sn content increases, 

the volume fraction of the eutectic compounds increases 

gradually, and the dendrites are refined. The XRD spectra 

of the as-cast alloy are shown in Fig.2. It can be seen that 

the phase components of ZM81 alloy are mainly α-Mg ma-

trix, Mg

7

Zn

3

 phase and Mn phase. When Sn element is 

added to the ZM81 alloy, a new Mg

2

Sn phase is formed, 

and as the amount of Sn added increases, the diffraction 

peak of the Mg

2

Sn phase increases, that is, the volume frac-

tion of this phase increases. 

Fig.3 shows the backscattered electron (BSE) images of 

ZM81, ZM81-4Sn and ZM81-8Sn alloys. For the ZM81 al-

loy, based on the OM and SEM analysis, it can be known 

that the interdendritic compounds are mainly Mg-Zn phase, 

and it can be further confirmed by the XRD results (Fig.2) 

that they are mainly the Mg

7

Zn

3

 eutectic phase. When Sn 

element is added to the ZM81 alloy, it can be seen from 

Fig.2 that the eutectic compound clearly exhibits two colors 

of black and white, which can be presumed to be two 

phases. It can be further confirmed from Fig.3 that the 

eutectic compound is indeed two phases. The EDS analysis 

shows that the bright white parts in Fig.3b and 3c are 

mainly composed of Mg and Sn, and its atomic ratio is 

about 2:1, which can be presumed to be Mg

2

Sn eutectic 

phase. The slightly darker parts are mainly composed of Mg, 

Zn and Mn. The atomic ratio of Mg to Zn is about 7:3, 

which is presumed to be the Mg

7

Zn

3

 eutectic phase. 

2.2  As-extruded microstructure 

The main purpose of the homogenization treatment be-

fore extrusion is mainly to improve the structural 

non-uniformity of the ingot and greatly reduce the defor-

mation resistance of the alloy. Fig.4 shows the optical mi-

crographs of the as-homogenized alloys. It can be seen that 

after the homogenization treatment, some eutectic com-

pounds are dissolved, but the black eutectic compounds are 

not dissolved. As the Sn content increases, the black phases  
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Fig.1  Optical micrographs of the as-cast ZM81-xSn alloys: (a) x=0, (b) x=2, (c) x=4, (d) x=6, (e) x=8, and (f) x=10 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  XRD patterns of the as-cast ZM81-xSn alloys (red arrows 

in the figure indicate the intensifying tendency of Mg

2

Sn 

phase diffraction peak) 

 

increase, which are the Mg

2

Sn eutectic phases. Fig.5 shows 

the BSE images of the as-homogenized ZM81, ZM81-4Sn 

and ZM81-8Sn alloys. For the ZM81 alloy, the bulk Mg-Zn 

eutectic compounds are substantially dissolved after ho-

mogenization. However, for the Sn-containing alloy, the 

white bright Mg

2

Sn eutectic phases cannot be dissolved into 

the matrix after homogenization. Thus, it can be concluded 

that the homogenization treatment at 330 °C for 24 h can  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  BSE micrographs of as-cast alloys: (a) ZM81,          

(b, d) ZM81-4Sn, and (c) ZM81-8Sn 
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Fig.4  Optical micrographs of the as-homogenized ZM81-xSn alloys: (a) x=0, (b) x=2, (c) x=4, (d) x=6, (e) x=8, and (f) x=10 

 

only cause the dissolution of the Mg

7

Zn

3

 eutectic phase, but 

cannot affect the morphology of Mg

2

Sn phase due to its 

high temperature stability

[15]

.  

Fig.6 shows the optical micrographs of the as-extruded 

alloys taken parallel to the extrusion direction. For the 

ZM81 alloy, the dynamic recrystallization (DRX) during 

the extrusion process is relatively sufficient, and the re-

crystallized grain size is relatively uniform, with an aver-

age grain size of about 7 µm. With the Sn addition, the 

microstructure of the as-extruded alloy is transformed into 

a duplex grain structure, that is, there are many unrecrys-

tallized grains in the microstructure. As the Sn content in-

creases, the grain size of the recrystallized microstructure 

gradually decreases, the extrusion streamlines are more 

and more obvious, and the recrystallized grains at the 

streamline are very small. According to the XRD analysis 

(Fig.7), it can be known that the bulk compounds and par-

ticles constituting the streamline are undissolved Mg

2

Sn 

and residual Mg

7

Zn

3

 eutectic phase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  BSE micrographs of the as-homogenized alloys: (a) ZM81, 

(b, d) ZM81-4Sn, and (c) ZM81-8Sn 

a 

c 

e 

d 

f 

100 µm 

b 

a b 

30 µm 

30 µm 

30 µm 

Mg

7

Zn

3

 

Mg

2

Sn 

c 

6 µm 

d 



782                               Qi Fugang et al. / Rare Metal Materials and Engineering, 2020, 49(3): 0778-0786                        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Optical micrographs of the as-extruded ZM81-xSn alloys taken parallel to the extrusion direction: (a) x=0, (b) x=2, (c) x=4, (d) x=6, 

(e) x=8, and (f) x=10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  XRD patterns of the ZM81-4Sn alloys in different states 

 

2.3  Age-hardening response 

Fig.8 shows the optical micrographs of the solu-

tion-treated alloys. For ZM81 alloy, the compounds and 

particles at the streamlines in the as-extruded structures are 

mostly dissolved in the matrix, resulting in a high zinc solid 

solution concentration. According to the Mg-Zn phase dia-

gram 

[16]

, the maximum solubility of Zn in Mg is about 

6.2%, so a very small amount of undissolved Mg

7

Zn

3

 

phases are still remained in the alloys, as illustrated by 

SEM image in Fig.9a. When the Sn content does not exceed 

4 wt%, the solid solution effect is still good, and the matrix 

has almost no residual bulk second phase particles. For the 

ZM81-4Sn alloy, almost all the broken compounds are dis-

solved into the matrix except for a very small amount of the 

residual Mg

7

Zn

3

 phases. The XRD pattern of solu-

tion-treated ZM81-4Sn alloy is shown in Fig.7. It is obvious 

that the solution-treated sample consists of α-Mg, Mn and 

Mg

7

Zn

3

 phases. With the further increase of the Sn content, 

the undissolved second phase particles increase and the size 

increases, and it is presumed that most of the residual sec-

ond phases are Mg

2

Sn and Mg

7

Zn

3

 phases. 

Fig.10 shows the aging curves of the solution-treated 

ZM81-xSn alloys subjected to single aging at 180 °C and 

double aging at 180 °C (pre-aging at 90 °C for 24 h). Dur-

ing the single aging at 180 °C, the hardness of the 

ZM81-4Sn alloy increases with aging time and reaches the 

peak harnesses (810 MPa) after 12 h. A significant increase 

in the hardness of ZM81-4Sn is observed after double aging 

and the time to reach the peak hardness (920 MPa) of 6 h is 

significantly shorter than 12 h for single aging. In addition, 

the age-hardening behavior of double aged ZM81-xSn al-

loys suggests that the peak hardness values gradually  
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Fig.8  Optical micrographs of the solution-treated ZM81-xSn alloys taken perpendicular to the extrusion direction: (a) x=0, (b) x=2,     

(c) x=4, (d) x=6, (e) x=8, and (f) x=10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9  BSE micrographs of the solution-treated alloys taken 

perpendicular to the extrusion direction: (a) ZM81,        

(b, d) ZM81-4Sn, and (c) ZM81-8Sn 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10  Aging curves of the solution-treated alloys subjected to 

single aging at 180 °C and double aging at 180 °C 

( pre-aging at 90 °C for 24 h and second aging at 180 °C) 
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Fig.11  BF-TEM image of solution-treated ZM81-4Sn alloys taken along the 

[1 2 1 3 ]

 zone axis of the Mg matrix (a); BF-TEM image of 

peak-aged ZM81-4Sn alloys by single aging (b) and double aging (c) taken along the 

[01 10]

 

zone axis; HAADF-STEM image 

of peak-aged alloys by single aging (d); corresponding EDS results of point A and point B in Fig.11d 

 

phase can be observed. The morphologies of Mn phases in-

clude spherical-shape, polygon and rod, which have two 

orientation relationships with the Mg matrix, as reported in 

our previous study

[17]

. After T6 treatments, MgZn

2

 and 

Mg

2

Sn precipitates are formed in the ZM81-4Sn alloy, as 

illustrated by XRD patterns in Fig.7 (peak aged by single 

aging). Fig.11b and 11c show the BF-TEM micrographs of 

ZM81-4Sn alloys subjected to peak aging by single (180 

°C/12 h) and double aging (90 °C/24 h+180 °C/6 h), re-

spectively. The images are obtained from the 

[01 10]

 zone 

axis. In both states, the peak-aged samples have four kinds 

of second phase particles. One is pure Mn particles, which 

are formed and dispersed in the matrix during the smelting 

and casting stage. It can be seen that the Mn particles can 

act as the nucleation core of β

1

′ 

precipitate during aging 

treatment, which has been proven in our previous re-

searches

[18]

. The other three second phases are the precipi-

tates during the aging treatment. One is rod along the 

[0001]

 

direction of the matrix. The second is on the (0001) 

basal plane, considered to be transition rod-like β

1

′ 

and

 

disc-like β

2

′ 

phases (MgZn

2

)

[5, 17]

. The interface between β

1

′ 

and the matrix is coherent, while it is semi-coherent be-

tween β'

2

 and the matrix. So the β

1

′ 

precipitate can act as a 

more enormous impediment to the motion of dislocations 

than β

2

′ 

precipitate

[5]

. The third precipitate is an uncommon 

morphology. Fig.11d shows a high-angle annular dark-field 

scanning transmission electron microscope 

(HAADF-STEM) micrograph of alloys in the single aged 

state. As shown in Fig.11, EDS results indicate that the 

third phase is Sn-rich precipitate, which is Mg

2

Sn phase 

confirmed by XRD analysis. Most of the irregular Mg

2

Sn 

precipitates are flaky-like, not consistent with known 
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Mg-Sn phases

[9]

. Detailed TEM analysis is underway to 

identify its nature. In addition, the precipitates after double 

aging are much finer and far more homogeneously distrib-

uted than those after single aging, and a large number of 

Mg

2

Sn precipitates are homogeneously dispersed among the 

rod-like β

1

′

precipitates.  

2.4  Mechanical properties 

Fig.12 shows the mechanical properties of the ZM81-xSn 

alloys in the as-extruded and peak-aged conditions. Com-

bined with our previous studies 

[6, 19]

, it can be seen that Sn 

addition results in a beneficial effect on improving the me-

chanical properties of the as-extruded and peak-aged ZM81 

alloys. In the as-extruded condition (Fig.12a), the elonga-

tion decreases gradually while the ultimate tensile strength 

(UTS) and 0.2% yield strength (YS) increase with increas-

ing the Sn content. The as-extruded ZM81-4Sn alloy, which 

has the optimal mechanical properties, exhibits the UTS of 

348 MPa, the YS of 265 MPa and the elongation of 10.38%. 

The strength is even higher than that of commercially 

available high-strength Mg-Zn-Zr and Mg-Al-Zn wrought 

alloys in the as-extruded condition

[20]

. As shown in Fig.12b 

and 12c, T6 treatments result in a large increase in YS and 

UTS of all the alloys as compared with as-extruded condi-

tion. On the one hand, with increasing the Sn content, the 

elongation decreases gradually while the UTS and YS sig-

nificantly increase, and the maximum strength is obtained 

for the alloy containing 4 wt% Sn. Further increase in Sn 

content results in a slight reduction of UTS and YS in the 

peak-aged conditions. On the other hand, the strength of the 

double aged samples is higher than that of the single aged 

ones, while the elongation is slightly lower. The mechanical 

properties of the double aged ZM81-4Sn alloy are the UTS 

of 416 MPa, YS of 393 MPa and elongation of 4.1%, while 

those of single aged sample are the UTS of 406 MPa, YS of 

381 MPa and elongation of 5.38%. The strength is compa-

rable to that of some T5-treated or T6-treated 

RE-containing Mg alloys

[21]

.  

The high strength of the as-extruded ZM81-xSn alloy is 

mainly determined by grain refinement strengthening. It is 

well-known that strengthening via grain size control is par-

ticularly effective for Mg alloys because of the higher 

Hall-Petch coefficient

[22]

. With an increase in the Sn content, 

grain size becomes much smaller by grain broken during 

deformation. More abundant Mg

7

Zn

3

 and Mg

2

Sn particles 

are dynamically formed during extrusion, which results in a 

reduction in the size of recrystallized grains through effec-

tive inhibition of their growth via the grain boundary 

pinning effect. The tensile strength and compressive yield 

strength of the extruded alloy are improved gradually with 

an increase in the Sn content, which is mainly attributed  

to the enhancement of the grain boundary hardening. The 

high strength of the peak-aged ZM81-xSn alloy is mainly 

determined by the combined precipitation strengthening of  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.12  Mechanical properties of the as-extruded (a), single peak 

aged (180 °C/12 h) (b), and double peak aged (90 °C/24 h 

+180 °C/6 h) (c) alloys 

 

MgZn

2

 and Mg

2

Sn precipitates. As shown in Fig.12, the 

strength of the as-extruded alloys is increased significantly 

by the T6 aging treatments. After T4 treatment, almost all 

the Mg-Zn and Mg-Sn compounds in the as-extruded 

ZM81-4Sn are dissolved into the matrix, which suggests 

that a uniform and supersaturated solid-solution structure is 

produced, as shown in Fig.8c and Fig.9b. Aging treatment 

for the solution-treated samples is necessary so the finely 

dispersed β

1

′

,

 

β

2

′

 and Mg

2

Sn precipitates form within the 

grains. The precipitate particles act as obstacles to disloca-

tion movement, thereby strengthening the aged alloy. 

Moreover, due to the much finer and far more homogene-

ously distributed precipitates, the strength of the double 

aged samples is higher than that of the single aged ones. 

3 Conclusions 

1) The microstructure and mechanical properties of the 

new experimental ZM81 alloys with different Sn contents 
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subjected to the extrusion, single aging and double aging 

are investigated. It is found that T6 treatments can mark-

edly improve the strength of as-extruded alloy, and the pre-

cipitate strengthening effect of double aging is better than 

that of single aging. Among them, the ZM81-4Sn alloy with 

double aging after solution treatment exhibits the highest 

strength and moderate elongation, i.e., UTS of 416 MPa, 

YS of 393 MPa and elongation of 4.1%.  

2) The high strength of the peak aged alloys is mainly 

determined by combined precipitation strengthening of the 

MgZn

2

 and Mg

2

Sn precipitates, and the precipitates of the 

double aged samples are much finer and far more homoge-

neously distributed than those of single aged ones.  
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