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Abstract 
The mechanical properties and microstructure of an as-cast Mg-5.0Sn-1.0Mn-0.4Zr 
alloy were investigated during thermo mechanical treatments consisting of hot 
extrusion, rolling, and ageing at 200˚C. The results indicate that only Mg2Sn 
phases formed in the Mg matrix, Mn and Zr do not cause the formation of 
any new phases. The average grain size, tensile strength and elongation were 
22 μm, 285 MPa, and 14.5%, respectively, after extrusion + rolling + ageing 
treatment (ERA). The mechanical properties of ERA alloys with a peak hard-
ness of 81 HV and 6.7% are improved compared with those of EA (extrusion 
+ ageing treatment) samples; these changes are attributed to grain refinement 
and solid solution strengthening, age hardening, and precipitation strengthen-
ing. 
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1. Introduction 

Increasing demands to reduce the weight of automobiles and efforts to reduce 
the emission of greenhouse gases have accelerated the development of lightweight 
metallic materials. Many scientists have long believed in the promise of Mg al-
loys in automotive applications for weight reduction while maintaining their me-
chanical properties. However, the limited mechanical properties and unsatisfac-
tory corrosion-resistance of most of the commonly used Mg alloys cannot match 
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the requirements of many applications [1] [2] [3]. 
The typical Mg-Al based and Mg-Zn based alloys are unsuitable for use at 

temperatures above 150˚C, due to their greatly decreased strength at elevated 
temperatures, and poor creep resistance [4]. Therefore, enhancing high temper-
ature stability is a key issue for possible high temperature applications. Many 
approaches have been adopted to address these problems [5] [6] [7]. The most com-
mon method for improving high temperature performance is via alloying elements 
and forming thermally stable precipitates along the grain boundaries to restrict 
grain boundary sliding during deformation. Some Mg-Sn based alloys have great 
potential, among heat resistant Mg-alloys for applications using hot compo-
nents. It has been reported that the Sn element could significantly improve the 
elevated temperature properties of Mg alloys via solid solution strengthening 
and age strengthening [8] [9]. Because of the low cost of the Sn element with a 
high solid solubility (14.48%) at 561˚C, there is the possibility of precipitating a 
cubic Mg2Sn phase in the Mg-rich matrix with decreasing temperature, whose 
formation during ageing is accompanied by strengthening [10]. Secondly, the Mg2Sn 
phase with a high melting point of 770˚C plays an important role in thermal-resistant 
properties, which is higher than that of other strengthening particles, such as 
Mg17Al12 phases. In addition, Mn is the only metallic element which not only ge-
nerates a compound with Sn, but also precipitates in the magnesium matrix in its 
elemental substance form. And Mn could be significantly reinforced by the cor-
rosion resistance of Mg alloys, which are attributed to the formation of Fe-Mn 
compounds to eliminate deleterious Fe during the melting alloy process. Also, 
the precipitation of a-Mn within a Mg matrix also can form Mn-containing in-
ter-metallic compounds to improve creep-resistance [11]. 

As we all know, a thermo mechanical grain-refinement technique could increase 
the available amount of a strengthening precipitate, and improve its properties 
simultaneously. In the present work, we prepared as-cast Mg-5.0Sn-1.0Mn-0.4Zr 
alloys to perform comparative investigations among different thermo mechani-
cal treatments, which could provide some valuable clues towards improving the 
mechanical properties of the alloy in the future. 

2. Experimental 

A Mg-5.0Sn-1.0Mn-0.4Zr alloy was prepared using a magnesium-30 zirconium 
master alloy, pure Mg (99.95%) and Sn (99.9%) metals, and MnCl2 melted at 
750˚C under protected gas including CO2 and SF6, and poured into a permanent 
mold with Ф125 mm × 280 mm dimensions. The thermo mechanical treatment 
is schematically illustrated in Figure 1. The as-cast Mg-5.0Sn-1.0Mn-0.4Zr alloys 
with 90 mm in diameter were heat-treated (homogenized) at 480˚C for 10 h, 
and then extruded at 320˚C, with an extrusion ram speed of 0.1 mm/s and an 
extrusion ratio of 21:1, using graphite spray to reduce friction during extrusion. 
The extruded samples were age treated at 200˚C for 100 h (extrusion + ageing 
treatment: EA), respectively. As a comparison, before the ageing treatment ex-
truded 8 mm-thick samples were hot-rolled at 320˚C along the extrusion  
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Figure 1. Thermomechanical processing route. 
Homo = homogenisation; Ext = extrusion; H.R. = 
hot rolling. 

 
direction with a final thickness of 2.4 mm. The thickness reduction in the hot 
rolling was 20% per pass, and rolling speed was 0.5 m/s. After rolling pass, the 
sample was treated at 200˚C for 100 h (extruded + rolled + ageing treatment: 
ERA). 

The microstructure was examined along the rolled direction (RD) and the ex-
truded direction (ED) using optical microscopy (OM), transmission electron mi-
croscopy (TEM), and scanning electron microscopy (SEM, S4800), equipped with 
energy-dispersive X-ray spectrometry (EDS). The grain sizes were determined 
using the lineal intercept method; the average of the measured values was used 
as the grain size of the alloy. All the specimens were polished and etched with a 
solution of 10 ml of acetic acid, 5 g picric acid, and 10 ml of water. Thin foils for 
TEM were prepared after mechanical grinding to 0.1 mm, followed by twin-jet 
electrical polishing under cooling by liquid nitrogen. Standard tensile tests were 
performed at a strain rate of 1.0 × 10−3 s−1. The ultimate tensile strength (UTS), 
yield strength (YS), and elongation to fracture were determined using three sam-
ples. The tensile fractured surfaces of the specimens were examined using SEM. 
The Vickers hardness (HV) was measured using a loading force of 100 g and a 
holding time of 20 s. 

3. Results and Discussion 
3.1. Microstructure Evolutions 

Figure 2 shows the optical micrographs of the experimental as-cast alloys un-
der different conditions. The microstructure of as-cast alloy with an average 
grain size (AGS) of 204 μm is shown in Figure 2(a). In order to eliminate the 
non-equilibrium phase, a solid solution treatment is employed; the AGS increases 
slightly to 210 μm and most of the secondary phase on the grain boundary is 
dissolved into the Mg matrix (Figure 2(b)). For the 320˚C extruded alloy, the AGS 
is greatly refined to about 120 μm during the extrusion process (Figure 2(c)), 
and the alloy consists of mostly equiaxial grains, which showed remarkable fluc-
tuation. In addition, some fine second-phase particles are distributed in the grains. 
This result occurred because the forward extrusion temperature mainly affects the 
nucleation and growth of dynamic recrystallization. In contrast, there is big change 
in the size and shape of grains in the 320˚C extruded and 300˚C rolled alloy 
(Figure 2(d)). The average grain size is about 60 μm, the grains remain equiaxed, 
and their size distribution is similar to those in the as-extruded condition. 
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Figure 2. Microstructure of experimental alloy under different conditions. (a) As-cast; (b) 
Homo; (c) Extruded; (d) Extruded + rolled. 

 
Compared with the above alloys, there are new many deformation twins appear-
ing, acting as primary obstacles against dislocation motion. Because the grain boun-
dary diffusion speed is fast in the hot-rolling process, dynamic recovery does not 
easily occur. 

Figure 3 shows the peak ageing optical microscopy of the alloy at different 
thermo mechanical treatments. It can be seen that the grain size is more refined 
in the EA state (Figure 3(a)), and the values of AGS for the alloys are about 50 
µm and composed of equiaxial grains. While the value of AGS is about 22 µm, it 
is mostly compression twinning and regular polygon grains that are observed in 
Figure 3(b), owing to the dynamic recrystallization during ERA. The broken 
secondary phases are mostly distributed along the grain boundaries. However, 
the grain boundaries are severely deformed along the rolling direction. A num-
ber of tangled dislocation accumulations and rod-liked precipitations distributed 
along the dislocation walls are observed in TEM bright field graphs (Figure 3(c)). 
Figure 3(d) shows the XRD patterns of different thermo mechanical processing 
conditions for the alloy, only peaks from α-Mg and the Mg2Sn phase are ob-
served, indicating that only Mg2Sn exists other than the Mg matrix. Mn and Zr 
do not cause the formation of any new phases. The peak intensity and positions 
of ERA state alloy change toward weak and low angle directions compared with 
those for EA. 

3.2. Mechanical Properties 

Mechanical tests at room temperature were performed to determine the effect 
of the extrusion, rolling, and ageing process, and the results are presented in  
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Figure 3. The micrographs and XRD patterns of EA and ERA alloy. (a) Micrograph of 
EA; (b)Micrograph of ERA; (c) TEM of ERA; (d) XRD patterns of EA and ER. 

 
Figure 4. It can be seen that the additional rolling process can improve the ten-
sile properties. The ERA alloy obtains the highest performance, and its YS, UTS 
and elongation are 179 MPa, 285 MPa and 14.5% respectively, which are mainly 
related to the grain refinement, twinning and dislocations caused by the plastic 
deformation containing extrusion and rolling, and the precipitation of fine Mg2Sn 
particles in the ageing treatment. In particular, the dislocations interacting closely 
with refined Mg2Sn precipitates can effectively improve the mechanical proper-
ties of the alloy. 

Compared with the EA alloy, the hardness of the ERA alloy is 81 HV, an im-
provement of 6.7%, displaying better age-hardening of grain-refinement streng-
thening. Therefore, it is credible that the tensile properties of the alloy increased 
sharply because of the accumulated deformation of the ERA treatment in pre-
venting edge cracking of the rolling process. 

The tensile fracture surfaces of the peak-aged alloys were analyzed by SEM to 
infer the microscopic mechanisms controlling the overall fracture response. In 
Figure 5(a), cleavage steps and a river pattern are observed in the fracture sur-
faces of the EA sample, indicating the occurrence of the typical cleavage fracture 
mechanism. Many dimples and tearing ridges are observed on the fracture sur-
face of the ERA alloy (Figure 5(b)). Some second phase particles are observed 
within these dimples. These deep dimples, which are associated with the drawing 
of particles, indicate that a certain amount of plastic deformation occurred 
before rupture. This effect will positively benefit the strengthening behavior  
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Figure 4. Mechanical properties of experimental alloy in different conditions. 
 

 
Figure 5. Tensile fracture micrographs of the peak-aged alloys. (a) EA; (b) ERA. 
 
instead of deteriorating the mechanical property because of its more refined mi-
crostructure. 

4. Conclusion 

Thermo mechanical treatments were performed on a Mg-5.0Sn-1.0Mn-0.4Zr al-
loy. After EA of the as-cast alloy, dynamic recrystallization occurred; the tensile 
strength increased, and the ductility improved. After the ERA process, many twins 
appeared, dislocations were formed in the interior of the grains, and grain refine-
ment was observed. Also, the hardness reached a maximum value of 81 HV, and 
the tensile elongation increased to 14.5%, which is mainly related to deformation 
twinning the formation of dislocations during the ER state, and fine Mg2Sn pre-
cipitates forming in the ageing treatment. 
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