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Abstract: A novel Mg−5Sn−2Al−1Zn (TAZ521) alloy was prepared. Direct extrusion (DE) and extrusion−shearing  
(ES) processes were performed on the alloy to improve its strength and ductility. The microstructure evolution, texture 
evolution, and strengthening mechanisms of as-homogenized and as-extruded alloy were investigated by XRD, SEM, 
TEM, EBSD, and tensile tests. The results showed that the mechanical properties of the DE-processed alloy were 
improved. However, the alloy exhibited a bimodal microstructure consisting of coarse grains and fine DRXed grains. 
After the ES process, the microstructure became more uniform and a good combination of strength and ductility was 
achieved. The TYS, UTS, and EL were 212 MPa, 303 MPa, and 21.7%, respectively. Grain refinement and pinning 
effect by Mg2Sn precipitates play an important role in the enhancement of strength. Additionally, the improvement of 
ductility is attributed to the weak basal fiber texture and the activation of non-basal slip. 
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1 Introduction 
 

Magnesium (Mg) alloys have great potential in 
automotive, aerospace, and communication fields 
owing to their advantages of low density, high 
specific stiffness, and extraordinary environmental 
protection performance [1−3]. However, the 
applications of Mg alloys are extremely restricted 
due to their high yield anisotropy and low  
ductility [4]. Therefore, it is essential to develop 
magnesium alloys with enhanced mechanical 
properties for industrial applications.  

Commercial Mg alloys, such as AZ31 and 
ZK60, have been widely used nowadays. Although 
the Mg−Zn alloy system shows potential for 
improving the mechanical properties through age 
hardening, the best properties will not be achieved 
if grain growth is minimized after solution 

treatment [5]. As for the Mg−Al alloy system, 
aluminum is well-known for its great solid-solution 
strengthening ability, but the Mg−Al alloys still 
have unacceptable strength for large-scale 
applications [5]. Mg−Sn based alloy, a kind of 
casting alloy with low cost, and superior 
extrudability, has attracted increasing attention 
these years as the Mg2Sn phase shows a 
compromising improvement on the mechanical 
properties of Mg alloys [6]. Besides, the Mg2Sn 
phase with 3Fm m  structure (a=0.676 nm) shows 
high-temperature stability, which leads to the great 
potential of the Mg−Sn based alloy with higher 
temperature creep resistance [7]. LUO et al [8] 
reported that Mg−3Sn−5Zn−Al alloys showed great 
mechanical properties with values of the ultimate 
tensile strength (UTS) and elongation (EL) of 
340 MPa and 20.1%, respectively. The activity   
of non-basal slip, finer microstructure, and texture  
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with a relatively lower density were the main 
factors for the great mechanical properties of 
Mg−Sn based alloys. ZHANG et al [9] investigated 
the effect of extrusion ratio on the properties of 
TZX621 alloys. They found that the extruded 
TZX621 alloys exhibited a finer microstructure 
when the extrusion ratio increased from 6 to 16, and 
the YS and UTS were improved by 36.0% and 
17.7%, respectively. However, the elongation only 
exhibited a slight increase from 15.6% to 18.1%. 
The reduction of unDRXed grains and average 
grain size were believed to be the reasons for the 
improvement in mechanical properties. According 
to related literature, Mg2Sn precipitates with high 
melting points could be formed in the Mg matrix, 
which will contribute to precipitate strengthening. 
On the other hand, Sn is effective in decreasing the 
stacking fault energy of Mg alloys, blocking the 
interact slips of dislocations, and promoting the 
activation of non-basal slip systems when the 
content of Sn elements reaches a critical point [10]. 
However, most previous work is focused on the 
strengthening effect of Mg2Sn precipitate, while the 
plasticity seems to be neglected during deformation. 

As one of the most promising severe    
plastic deformation (SPD) methods, equal channel 
angular pressing (ECAP) has been widely used to 
improve the mechanical properties of Mg alloys  
by grain refinement. According to the Hall−Petch 
relationship, grain refinement can contribute to  
the increase in strength [11]. Additionally, grain 
refinement can contribute to the decrease of the 
critical resolved shear stress (CRSS) of non-basal 
slips, so the activation of basal slips is weakened 
and the ductility is improved [12]. Combining the 
conventional direct extrusion (DE) and the shearing 
process of ECAP deformation, the extrusion− 
shearing (ES) process has been suggested to further 
optimize the strength of Mg alloys without 
sacrificing ductility. In order to improve the 
mechanical properties, the extrusion−shearing 
process was applied to a novel Mg−5Sn−2Al−1Zn 
(TAZ521) alloy in this work. Afterward, the 
microstructure characteristics, texture evolution, 
and mechanical properties were systematically 
discussed in detail. The proposed deformation in 
this work provides new insights for improving the 
strength of Mg−Sn based alloys without sacrificing 
ductility and manufacturing methods more 
efficiently. 

 
2 Experimental 
 
2.1 Sample preparation 

The commercially pure Mg, Sn, Al, and Zn 
blocks (with a purity of 99.99 wt.%) were used in 
this study to prepare Mg−5Sn−2Al−1Zn (TAZ521) 
alloys. The materials were melted in an electrical 
resistance furnace under the protective atmosphere 
of SF6 and CO2 mixed gas with a mixing volume 
ratio of 1: 99. The molten alloy was kept at 750 °C 
for 20 min and then poured into a previously 
preheated stainless steel mold (d80 mm × 220 mm) 
with a preheating temperature of 300 °C. The 
homogenization treatment was then carried out at 
425 °C for 24 h followed by air cooling to eliminate 
defects and element segregation in as-cast alloys. 
The as-homogenized TAZ521 ingot was machined 
into cylinders with a size of d20 mm × 40 mm for 
extrusion. These rods were preheated at 250 °C for 
15 min before hot extrusion. Hot extrusion with an 
extrusion rate of 2 mm/s was carried out at 250 °C 
and the extrusion ratio is 4꞉1. The extruded rods 
were quenched in water immediately after extrusion. 
The detailed illustrations of different processes are 
shown in Fig. 1. 
 
2.2 Microstructure characterization 

Figure 1(d) shows the observation position of 
the specimen. All the samples were ground with 
SiC sandpaper from 600 grit to 2000 grit and then 
were etched with the mixed solution (2 g picric acid, 
4 mL acetic acid, 4 mL H2O, and 32 mL ethanol) 
for 10 s. Phase constitution and macrotexture     
of the alloys were identified by using an X-ray 
diffractometer (XRD, D8 advance) with Cu Kα 
radiation. The diffraction angles ranged from 20°  
to 90° and the scanning speed was 1 (°)/min. The 
collected data were analyzed by Jade 6.5 software. 
Macrotexture analyses were performed on the  
basal plane (0001), prismatic plane (10 10),  and 
pyramidal plane (10 11). The measurements were 
conducted on the planes parallel to the extrusion 
direction (ED). The microstructural characterization, 
morphologies, and element compositions of the 
TAZ521 alloys were analyzed using an optical 
microscope (OM, VHX−900), scanning electron 
microscopy (SEM, ZEISS Merlin Compact SEM) 
equipped with an energy dispersive spectrometer 
(EDS), transmission electron microscopy (TEM,  
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Fig. 1 Schematic illustrations of homogenization (a), direct extrusion (b), and extrusion−shearing (c) processes, and 
schematic diagrams of observation position of sample (d) and tensile specimen (unit: mm) (e) 
 
JEOL−2100F) and electron backscatter diffraction 
(EBSD). The samples for the EBSD test were 
ground with 3000 grit sandpapers and then polished 
in the ACⅡ solution for about 100 s at −20 °C 
with a working voltage of 20 V. The scanning step 
lengths for the as-homogenized, DE-processed,  
and ES-processed samples are 3, 0.4, and 0.4 μm, 
respectively. The EBSD data were analyzed by  
the HKL Channel 5 software. The samples were 
mechanically ground to about 40 μm and punched 
into small discs with a diameter of 3 mm for TEM 
testing. These discs were then ion-thinned via Gatan 
691 with both high and low gun angles of 4° and a 
voltage of 3.5 keV. 
 
2.3 Mechanical testing 

As shown in Fig. 1(e), the dog-bone-shaped 
specimens with a gage length of d5 mm × 25 mm 
were used for tensile testing with a SANS universal 
testing machine at a constant strain rate of 
1.0×10−3 s−1. The tensile test was conducted at room 
temperature and the loading axis corresponded to 
the extrusion direction. 
 
3 Results 
 
3.1 Microstructures 

Figure 2 exhibits the optical micrographs of 

the TAZ521 alloys. The microstructures consist   
of α-Mg matrix and precipitates located at the  
grain boundaries and inside the grains. The as- 
homogenized sample shows equiaxed grains, with 
size of 50−90 μm. The sample processed by DE 
presents a significant microstructure with elongated 
grains surrounded by small equiaxed grains (white 
circles in Figs. 2(c, d)). After the ES process, the 
sample becomes more homogeneous and the 
distribution of the precipitates becomes finer and 
more dispersive. Compared to the DE process, the 
grain size is further refined through the ES process. 

To further analyze the composition of the 
precipitates of the TAZ521 alloy, XRD and 
SEM−EDS analyses were performed. The XRD 
patterns (Fig. 3) reveal that the main compositions 
of the TAZ521 alloy are α-Mg matrix and Mg2Sn. 
Besides, the equilibrium phase diagram confirmed 
that the composition of the microstructure is a 
two-phase structure (α-Mg + Mg2Sn) according to 
previous studies [13,14]. The peak intensity of the 
basal texture (002) shows an obvious increase after 
DE, indicating the formation of (002) fiber texture. 
The intensity of (100) increases, while the intensity 
of (002) has a slight decrease during ES, which may 
lead to the weakening of the basal texture. 

Figures 4(a−c) show the SEM micrographs  
of the TAZ521 alloys performed with different 
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Fig. 2 Optical micrographic images of TAZ521 alloys with different processes: (a, b) Homogenization; (c, d) DE;     
(e, f) ES 
 

 

Fig. 3 XRD patterns of TAZ521 alloys 

processes. Several irregular and spherical 
precipitates (marked by yellow arrows) can be 
observed in Fig. 4(c). According to the EDS results 
(Table 1), the atomic ratio of Mg and Sn is about 
2:1; therefore, the spherical undissolved precipitates 
can be identified as Mg2Sn phases, which is 
consistent with the XRD results. Since the Mg2Sn 
phase has a high melting point of 1043 K [15], it  
is reasonable for a few Mg2Sn phases to remain in  
the alloy after hot treatment, therefore leading    
to differences in the microstructures and tensile 
properties. These precipitates are broken into 
micro-sized particles after extrusion. These fine 
particles can provide nucleation sites for dynamic 
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Fig. 4 SEM images of as-homogenized (a), DE-processed (b), and ES-processed (c) alloys and corresponding EDS 
mappings (d−g) of ES-processed sample (fp−Volume fraction of precipitates) 
 
Table 1 Corresponding EDS results of TAZ521 alloys in 
Fig. 4 

Point 
Element content/at.% 

Phase 
Mg Sn Al Zn 

A 69.89 28.48 1.21 0.42 Mg2Sn 

B 72.31 26.81 0.65 0.23 Mg2Sn 

C 97.52 1.34 0.89 0.25 α-Mg 

D 85.53 13.53 0.75 0.19 Mg2Sn 

E 88.63 11.17 0.12 0.08 Mg2Sn 

 
recrystallized (DRXed) grains through particles- 
stimulated nucleation (PSN) mechanism [16]. It  
can be learned from the EDS mappings of the 
ES-processed sample that most elements are 
dissolved into the matrix. The fractions of these 
precipitates are measured to be about 5.86%,  
0.52%, and 0.59%, respectively. The low fraction of 
precipitates in the ES-processed sample may not 
make much contribution to strengthening. 

Figure 5 shows the TEM morphology of the 
TAZ521 alloys. It can be observed from Fig. 5(a) 
that some precipitates are located at the grain 
boundary and the average size of the large bulk 
precipitate is about 1 μm. After the DE and ES 
processes, nano-scale particles are precipitated 
along the grain boundaries, which can inhibit grain  

growth and thus contribute to the hardening effects. 
Besides, the grains contain numerous residual 
dislocations to form dislocation entanglement, as 
depicted in Figs. 5(b, c). The thermal stress and 
deformation energy can be generated during 
extrusion. Therefore, there is an increase in the 
dislocation density, which can activate either basal 
slip or non-basal slip. The nano-scale precipitates 
can hinder the dislocation movement and the grains 
are separated into small regions and sub-grains are 
eventually formed, thereby contributing to the 
improvement of the strength [17]. The bright field 
TEM image viewed under [112�0]α-Mg zone axis is 
shown in Fig. 5(d) and the α-Mg matrix can be 
indexed by the corresponding selected area  
electron diffraction (SAED) pattern. According to 
the SAED pattern shown in Fig. 5(e), the nanoscale 
precipitates can be identified as face-centered cubic 
(FCC) Mg2Sn phases. The HRTEM results illustrate 
the orientation relationship between α-Mg matrix 
and Mg2Sn precipitate: [112�0]α-Mg//[1�22]Mg2Sn. 
 
3.2 Macro-texture evolutions 

Figure 6 shows the macro-texture of TAZ521 
alloys with different processes. As can be seen, the 
pole density points of (0001) are distributed mainly 
along the edge of the polar diagram and the texture 
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Fig. 5 TEM morphology showing second phase of as-homogenized TAZ521 alloy (a); Two-beam bright-field TEM 
images of dislocation tangling with high density in grains of DE-processed sample (b) and ES-processed sample (c); 
Bright field TEM image and corresponding SAED pattern (inset) of DE-processed sample under [112�0]α-Mg zone    
axis (d); TEM image of precipitate in ES-processed TAZ521 alloy and corresponding SAED pattern (inset) (e); HRTEM 
micrograph of Sn-rich precipitate (f) 
 
density of the (0001) plane increases slightly from 
4.55 to 5.07, inferring that the TAZ521 alloys show 
a predominant basal texture (0001)//ED, which is 
consistent with the XRD results. The intensity  
area of (101�0) pole figures are mostly distributed 
at the edge of ED, which means that the alloy 
shows a preferred orientation with (1010)//TD.  
The maximum intensity of (101�0)  pole figures 
increases from 2.51 to 3.51, which indicates that 
most grains exhibit a strong basal texture after the 
DE process. During the ES process, the pole density 
area is still distributed at the edge and a slight 
decrease in intensity can be found in the (101�0) 
pole figure. This could be attributed to the shear 
deformation of the ES process. Furthermore, the 
distribution of pole density points of both (101�1) 

and (101�0)  pole figures gradually become 
scattered, which is mainly caused by the rotation  
of grains. 
 
3.3 EBSD results 

Figure 7 shows the grain orientation maps, 
grain boundary maps, and distributions of grain size 
of the TAZ521 alloy with different processes. 
Different colors in the grain orientation maps 
represent different grain orientations. As can be 
seen from Fig. 7(a), the as-homogenized sample 
exhibits random grain orientations and the average 
grain size is about 49.7 μm. After the DE process, 
some grains tend to present red and purple colors, 
which indicates that the (0001) planes of the grains 
are parallel to ED. Besides, It can also be seen from 
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Fig. 6 Macro-texture evolution of TAZ521 alloys after different processes: (a) Homogenization; (b) DE; (c) ES (TD is 
the transverse direction) 
 
the grain orientation map that some unbroken grains 
are surrounded by a large number of fine equiaxed 
grains. The grain size of the DE-processed sample 
decreases significantly, with an average grain size 
of about 4.8 μm. Different from the DE-processed 
sample, the majority of the grains show blue and 
green colors after the ES process, indicating that the 
(101�0) and (1�21�0) planes of the grains are parallel 
to ED. Therefore, it can be deduced that the grain 
orientations are changed through the ES process. 
The grains are greatly refined and the sample 
exhibits a more uniform microstructure. The 
average grain size decreases slightly due to the 

increasing accumulative strain from the DE to ES 
process, with an average grain size of about 2.8 μm. 

To further understand the evolution of the 
microstructure, the grain boundary maps are also 
presented, where the blue lines represent the low- 
angle grain boundaries (LAGBs, 2°<θ<15°) and the 
red lines represent the high-angle grain boundaries 
(HAGBs, θ>15°). As shown in Figs. 7(b, e, h), the 
fraction of LAGBs is estimated to be 18.9%, 7.2%, 
and 7.6% for the as-homogenized, DE, and ES- 
processed samples, respectively. It can be observed 
that a large number of LAGBs are concentrated   
in the grains and then divide the non-dynamically 
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Fig. 7 EBSD results of TAZ521 alloys after homogenization (a−c), DE (d−f) and ES processes (g−i): (a, d, g) Grain 
orientation maps; (b, e, h) Corresponding grain boundary maps; (c, f, i) Distribution histograms of grain size 
 
recrystallized grains into small sub-grains. After  
the DE process, the new DRXed grains gradually 
grow by absorbing high-density dislocations, 
transforming LAGBs into HAGBs. As accumulative 
strain increases during the ES process, the 
dislocation migration ability increases, resulting in 
the transformation of LAGBs into HAGBs by the 
driving force of grain boundary energy. Therefore, 
the volume fraction of HAGBs is similar in the 
DE-processed and the ES-processed samples, which 
is consistent with the results of references [15,18]. 

The kernel average misorientation (KAM) 
maps and distributions of the corresponding KAM 
value of the TAZ521 alloys are shown in Fig. 8. 
Higher KAM value indicates a higher dislocation 
density and higher plastic deformation degree. As 
shown in Fig. 8(a), the dislocations are concentrated 
around the grain boundaries at first. As the 
accumulative strain reaches a certain extent, the 
nucleation of dynamic recrystallization is promoted 
and the newly generated grains gradually grow   
by consuming the accumulated internal strain 
energy [19]. Therefore, the geometrically necessary 

dislocation (GND) density is brought out to 
calculate the residual dislocation density. The GND 
density has a linear relation with the average KAM 
value and can be calculated by [20] 
 
ρGND=2θ/(μb)                            (1) 
 
where ρGND is the GND density; θ represents the 
average KAM value; μ is the step size (3 and 
0.4 μm); b is the magnitude of Burgers vector 
(0.32 nm). Any local misorientation angles less  
than 5° are counted to calculate the average KAM 
value. The calculated GND densities of the as- 
homogenized, DE, and ES-processed alloys     
are about 0.33×1013, 0.41×1014 and 0.46×1014 m−2, 
respectively. The ES-processed sample shows a 
higher dislocation density, which means that more 
stress is needed to migrate the dislocations to their 
neighbor grains, leading to an enhancement in the 
strength. 
 
3.4 Mechanical properties 

Figure 9(a) displays the tensile stress−strain 
curves at room temperature of the as-homogenized, 
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Fig. 8 Kernel average misorientation (KAM) maps and 
distributions of KAM value of TAZ521 alloys with 
different processes: (a) Homogenization; (b) DE; (c) ES  
 
DE and ES-processed samples. Detailed statistics 
about the tensile yield strength (TYS), ultimate 
yield strength (UYS), and elongation (EL) are 
summarized in Table 2. The TYS, UYS, and EL of 
the as-homogenized sample at room temperature are 
84 MPa, 142 MPa, and 6.1%, respectively. After  
the DE process, TYS and UYS of TAZ521 alloy 

reach 165 MPa and 264 MPa, respectively, which 
are increased by 96.4% and 85.9% compared to 
those of the as-homogenized sample. Besides, the 
elongation is 15.9% and increased by 160.7%. The 
TYS and UYS of the ES-processed sample reach 
212 MPa and 303 MPa, respectively. At the same 
time, the elongation increases to 21.7%, by 255.7% 
compared to that of the as-homogenized sample, 
indicating that the ES process is an effective 
method to enhance the strength and ductility of 
TAZ521 alloys. 
 

 
Fig. 9 Engineering stress−strain curves of as- 
homogenized, DE-processed, and ES-processed samples 
at room temperature (a); Comparison of mechanical 
properties after different processes (b) 
 
Table 2 Tensile mechanical properties of TAZ521 alloy 
after different processes 

Process TYS/MPa UYS/MPa EL/% 

Homogenization 84±2.7 142±8.8 6.1±1.3 

DE 165±5.0 264±6.7 15.9±1.3 

ES 212±5.0 303±2.6 21.7±2.0 



Feng-jian SHI, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2120−2137 

 

2129 

The SEM morphologies of the tensile fracture 
at room temperature are shown in Fig. 10. The 
fracture characteristics of the as-homogenized 
sample are cleavage planes (black arrows), which 
are the typical features of brittle fracture [21]. As 
shown in Figs. 10(b, c), the morphologies of the 
DE-processed sample contain dimples (red arrows) 
and some large-sized precipitates (white arrows) 
located at the bottom of the dimples. Few smooth 
facets (yellow arrows) can be observed, showing 
brittle fracture features. The fracture morphologies 
indicate poor mechanical properties, which are 
consistent with the tensile results. The fracture 
morphologies of the ES-processed alloys exhibit 
fine and uniform dimples and tear ridges (blue 
arrows), which are considered ductile fractures. It is 
suggested that extra energy is absorbed during the 
formation of these fine dimples, therefore leading to 
the improvement of ductility. Moreover, it can be 

observed that precipitates are broken into smaller 
blocks compared to those in the DE-processed 
sample. These dispersedly distributed particles 
make a great contribution to the enhancement of 
strength. 

 
4 Discussion 
 
4.1 Microstructure evolutions 

Figure 11 shows the CDRX behavior and the 
corresponding effects on the grain orientation 
evolution in R1 and R3 selected in Figs. 7(d, g), 
respectively. As shown in Figs. 11(a, d), a large 
number of LAGBs can be seen in parent grains and 
these LAGBs divide the parent grains into several 
sub-grains. Moreover, the parent grains are 
surrounded by some fine dynamically recrystallized 
grains along the grain boundaries or inside the 
parent grains. Figures 11(c, f) show the curves of 

 

 

Fig. 10 SEM fracture morphologies of samples with different processes: (a, b) Homogenization; (c, d) DE; (e, f) ES 
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misorientation degrees of the black arrows AB and 
CD presented in Figs. 11(a, d). It can be found that 
the parent grains have a large orientation gradient, 
which indicates that there are a great number of 
dislocations in these parent grains. It can be learned 
from the literature [22] that the cumulative    
strain during deformation may contribute to the 
dislocations in the grains, which can rearrange or 
merge to generate sub-grains and gradually absorb 
more dislocations to form DRXed grains. The 
corresponding (0001) pole figures are presented in 
Figs. 11(b, e). The grain orientations of sub-grains 
are very close to the parent grains and the 
orientation of the newly DRXed grains exhibits a 
more scattered distribution. In general, these grains 
all present a preferred orientation. 

Figure 12 presents the discontinuous dynamic 
recrystallization (DDRX) behavior and the 
corresponding grain orientation distribution in   
R2 and R4 selected in Figs. 7(d, g), respectively. 
According to SITDIKOV and KAIBYSHEV [23], 
the grain boundary dislocation provides the 
accommodation of plastic deformation and these 
dislocations are mainly non-basal systems. The 
interaction of these basal dislocations yields the 
formation of sub-grain boundaries, which cut off 

the protrusion from the grain body, and then the 
misorientation of sub-grain boundaries increases 
through gathering dislocations, finally leading to 
the formation of HAGBs [23]. Furthermore, the 
non-basal systems are easier to be activated due to 
the grain-boundary compatibility stress. Accordingly, 
the grain refinement and the activity of non-basal 
slip systems contribute to the DDRX behavior. As 
shown in Figs. 12(b, c) and 12(e, f), the pole figures 
and inverse pole figures (IPF) show that the  
newly DRXed grains exhibit different orientations 
compared to the parent grains, indicating that the 
DDRX mechanism contributes to the randomly 
distributed grain orientation. 

Figure 13 presents the distribution mappings 
of the TAZ521 alloys with different processes and 
corresponding statistical frequencies of different 
grain regions, where the blue area represents 
recrystallized grains, the yellow area represents 
sub-grains, and the red area represents deformed 
grains. Figure 13(b) shows that the percentage of 
DRXed grains is 25%, indicating few grains 
undergo dynamic recrystallization during the DE 
process. It is suggested that more nucleation sites 
are provided for DRXed grains by accumulating 
high-density dislocations during deformation,  

 

 
Fig. 11 CDRX behavior and corresponding effects on grain orientation evolution in R1 (a−c) and R3 (d−f) selected in 
Fig. 7: (a, d) Grain orientation maps; (b, e) (0001) pole figures; (c, f) Curves of misorientation degrees of black arrows 
AB and CD 
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Fig. 12 DDRX behavior and corresponding grain orientation distribution in R2 (a−c) and R4 (d−f) selected in Fig. 7: 
(a, d) Grain orientation maps; (b, e) (0001) pole figures; (c, f) Inverse pole figures (IPFs) 
 

 
Fig. 13 Distribution mappings of TAZ521 alloys and 
corresponding statistical frequencies of different grain 
regions: (a) DE-processed sample; (b) ES-processed 
sample 
 
hence promoting dynamic recrystallization grain 
refinement [24]. The sub-grains show a relatively 
higher fraction, which is mainly due to the high 

dislocation density. About 25% of grains have 
insufficient internal storage energy, therefore 
exhibiting deformed grains. After the ES process, 
the majority of grains remain sub-grains with a 
percentage of 59.9%. It could not be neglected to 
find that the proportion of DRXed grains decreases 
to 5.73%. According to Fig. 8(c), few dislocations 
are formed after two passes of shearing deformation. 
It can be deduced that these uniformly distributed 
dislocations in the grains lead to an increasing 
number of sub-grains, which is consistent with the 
results of GUO et al [15]. Moreover, the small 
precipitates provide more nucleation sites for    
the dynamic recrystallizations and DRX grain 
refinement through accumulating high-density 
dislocations during deformation. It is pointed out 
that nano-sized secondary phase particles (<1 μm) 
may lead to the grain-boundary pinning effect, 
hence hindering recrystallization nucleation and 
grain growth [24]. In this work, both the dynamic 
precipitation of Mg2Sn and nano-sized secondary 
precipitates hinder the DRX through the grain- 
boundary pinning effect. Therefore, the volume 
fraction of the recrystallized grains decreases. 
 
4.2 Texture evolutions 

Figure 14 shows the (0001) pole figures of the 
TAZ521 alloys. It can be seen that the basal pole 
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Fig. 14 (0001) pole figures of TAZ521 alloys with different processes: (a) Homogenization; (b) DE; (c) ES 
 
density points are located randomly. The micro- 
textures have differences from the macro-textures 
shown in Fig. 6, which is mainly caused by the test 
range. The EBSD test area is less than the area 
conducted by XRD. It can be seen from Fig. 14(b) 
that the DE-processed alloy exhibits a typical 
extruded texture with (0001) basal planes parallel to 
ED and the texture intensity value increases to 5.23. 
The basal slip, which is the easiest slip system, can 
hardly be activated at this orientation. Therefore, 
this orientation formed during the DE process can 
contribute to the improvement of strength, while the 
ductility is still suppressed due to the limited slip 
systems. The increase in the strain during extrusion 
may cause a decrease in the CRSS for dislocation 
slip [25]. After the ES process, the basal pole figure 
gradually exhibits a typical texture of ECAPed 
deformation, that is, the (0001) basal planes are 45° 
tilted to the ED, which indicates that the basal   
slip becomes available and is helpful for the 
improvement of ductility with activation of 
different slip systems [18]. It should be noted that 
the strength does not decrease due to the activity of 
basal slip; however, the maximum intensity of the 
(0001) pole figure shows a slight increase. On the 
other hand, the grains are further refined after the 
ES process, leading to higher strength. 
 
4.3 Strengthening−plasticity mechanisms 
4.3.1 Strengthening mechanism 

For the extruded alloys, the increment of  
yield strength can be ascribed to grain refinement 
strengthening (∆σg), precipitation strengthening 
(∆σp), dislocation strengthening (∆σd) and solution 
strengthening (∆σSS) effects. Thus, the total yield 
stress (σYS) could be estimated as follows [26]: 

σYS=∆σg+∆σp+∆σd+∆σSS                               (2)  
The solution strengthening contribution (∆σSS) 

can be presented as the equation [27]: ∆σSS=C∆X 
2/3, 

where C is the strengthening rate, and ∆X is the 
atomic fraction of solute. As the EDS results 
presented above, Sn and Al are mainly applied   
for the second phase particles, and thus the solid 
solution strengthening can be neglected. 

The grain refinement strengthening could   
be calculated by the following Hall−Petch 
relationship [11]:  
∆σg=σ0+kd−1/2                                            (3)  
where σ0 is the parameter determined in the poly- 
crystalline material (taken as σ0=11 MPa) [27];    
d is the average grain size; k is the material  
constant. In this work, the value of k is taken as 
280 MPa∙μm−1/2 [28]. Consequently, contributions 
of grain refinement strengthening of the TAZ521 
alloys after different processes are estimated to be 
50.72, 138.80, and 178.33 MPa, respectively. 

Based on Taylor formula, the strengthening 
contribution from residual dislocation can be 
calculated by [29] 
 

d GNDM Gbσ α ρ∆ =                     (4) 
 
where M is Taylor factor with value of 2.5 [30]; α is 
a constant with a value of 0.2, G is the shear 
modulus of Mg alloys (16.6 GPa). As the ρGND is 
already calculated in this work, the values of 
dislocation strengthening (∆σd) of the as- 
homogenized, DE-processed, and ES-processed 
alloys are estimated to be 4.82, 17.00, and 
18.01 MPa, respectively. 

The high density of precipitates is dispersed in 
the α-Mg matrix, which inhibits the dislocation 
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motion and results in the strengthening effect. The 
YS increment ∆τOrowan caused by precipitation 
strengthening can be estimated by the Orowan 
strengthening relationship as presented [31]:  

p
p

p
p

0.785
ln

0.7792 π 1 ( 0.785)

dMGb
bd

f

σ
ν

∆ =
− −

 

(5) 
where ν  is the Poisson ratio with value of 0.33. 
The volume fractions of precipitates (fp) for the 
alloys processed in this work are 5.86%, 0.52%, 
and 0.59%, respectively. And dp represents the 
average size of the spherical precipitates. According 
to the analysis obtained by SEM and TEM results, 
the values of dp for alloys in this study are 770, 
260.5, and 156.2 nm, respectively. Based on Eq. (5), 
the contributions of precipitation strengthening are 
estimated as 10.40, 6.39, and 10.51 MPa. 

As illustrated in Fig. 15, The theoretically 
calculated results are close to the experimental 
results within the margin of error. 
 

 
Fig. 15 Contributions of different strengthening 
mechanisms on yield stress of TAZ521 alloys with 
different processes 
 
4.3.2 Plasticity mechanism 

To investigate main deformation mechanism of 
the as-extruded alloy during the tensile deformation 
in this study, Fig. 16 reveals the Schmid factor (SF) 
maps and distribution for basal 〈a〉 slip, prismatic 
〈a〉 slip, and pyramidal 〈c+a〉 slip of as-extruded 
alloys, respectively. The average SF values for three 
types of slip modes are >0.3. The SF value of basal 
〈a〉 slip gradually increases to 0.36, while the SF 
values of the prismatic 〈a〉 slip and pyramidal 〈c+a〉 
slip decrease slightly, which suggests that the CRSS 
decreases. Therefore, the basal slip can be easily 

activated during the DE and ES processes. The 
changes for this phenomenon are probably 
attributed to the following reasons: firstly, the 
increase of fine DRXed grains makes the 
dislocation slip shorter and the finer and more 
homogeneous microstructure can decrease the 
CRSS difference between basal and non-basal slip 
systems [32]. Secondly, the stresses of grain 
boundary compatibility boost the cross-slip of basal 
〈a〉 dislocations to non-basal plans during 
deformation [33]. Thirdly, the dissolution of  
Mg2Sn phases may contribute to reducing the  
CRSS anisotropy between basal and non-basal slip 
systems, which is beneficial to activating non-basal 
slip systems. Therefore, the ductility of the extruded 
alloys is improved according to the above reasons. 

The ultimate tensile strength and elongation  
of magnesium alloys are summarized in Fig. 17. 
Noticeably, Mg−Sn binary alloys, Mg−Sn−Al based 
alloys, and Mg−Sn−Zn based alloys exhibit high 
strength, with an ultimate tensile strength of about 
300 MPa. Moreover, the Mg−Sn−Zn based alloys 
show great ductility, with an elongation range from 
20% to 30%. The Mg−Sn−Al−Zn based alloys 
possess higher UTS up to more than 350 MPa; 
however, they exhibit relatively poorer ductility.  
In comparison, the Mg−Sn−Al−Zn based alloys 
conducted by the ES process in this work show 
excellent strength and ductility. 

The microstructure evolution during extrusion 
is illustrated in Fig. 18 for better understanding.  
The as-homogenized alloy shows an equiaxial- 
grained microstructure with some large secondary 
precipitates distributed along the grain boundaries 
and inside the grains. During hot extrusion, the 
initial coarse precipitates are broken and separated 
in the grains. Meanwhile, a large number of 
dislocations are accumulated along the grain 
boundaries and then LAGBs are formed, finally 
leading to the formation of HAGBs, which is 
known as CDRX. The newly generated DRXed 
grains are located along the grain boundaries, 
exhibiting a typical necklace structure. The 
dislocation regions with high density can lead to the 
migration of the GBs and sub-grain boundaries are 
formed. The accumulation of misorientation by the 
migration of LAGBs converts into HAGBs, turning 
the sub-grains into fine DRXed grains [19]. As the 
accumulative strain increases, the high storage 
energy drives the DRX nucleation through the PSN 
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Fig. 16 Schmid factor maps for basal 〈a〉, prismatic 〈a〉, and pyramidal 〈c+a〉 slip systems of TAZ521 alloys and 
corresponding distributions of Schmid factors with different processes: (a1−a4) Homogenization; (b1−b4) DE; (c1−c4) ES  
 

 
Fig. 17 Summary of ultimate tensile strength and 
elongation of extruded Mg-based alloys [8,13,14,34−50] 
 
mechanism. At the end of the extrusion process, the 
microstructure is combined with both numerous 
DRXed grains and several unDRXed regions. 

 

Fig. 18 Schematic illustration of microstructure 
evolution during extrusion 
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Moreover, the nano-scale precipitates contribute to 
hindering the growth of DRXed grains by the 
pinning effect. Therefore, the microstructure is 
finally refined through deformation. 
 
5 Conclusions 
 

(1) After the hot extrusion, the grain size    
of the TAZ521 alloys was significantly decreased, 
especially the ES-processed alloys exhibited a more 
homogenous microstructure. 

(2) The Mg2Sn phases were broken into 
nanoscale particles after extrusion and were equally 
located in the alloy. The Mg2Sn phases contributed 
to the dynamic recrystallization behavior by 
hindering the movement of dislocations. 

(3) The mechanical properties of the TAZ521 
alloys were significantly improved after the ES 
process. The YS and UTS of the ES-processed alloy 
reached 212 MPa and 303 MPa, respectively, which 
increased by 152.4% and 113.4% compared to those 
of the as-homogenized alloy. The enhancement of 
strength is owing to grain refinement strengthening 
and precipitate strengthening. 

(4) The elongation of the ES-processed alloy 
increased from 6.1% to 21.7%. The multiple slip 
modes including basal slips and non-basal slips 
contributed to the improvement of ductility, which 
indicates that the ES process is an effective method 
to enhance the strength without sacrificing the 
ductility. 
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通过不同热挤压方式制备具有较优强塑性组合的 
新型Mg−5Sn−2Al−1Zn合金 
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摘  要：制备新型 Mg−5Sn−2Al−1Zn(TAZ521)合金。为提高合金的强度与塑性，采用正挤压(DE)和挤压−剪切(ES)

两种工艺对该合金进行变形处理。通过 XRD、SEM、TEM、EBSD 和拉伸试验等方法研究均匀态和挤压态合金的

显微组织演变、织构演变及强化机制。结果表明，正挤压态合金的力学性能得到改善；然而，合金表现出由粗晶

和细小动态再结晶(DRXed)晶粒组成的双峰组织。经过挤压−剪切变形后的合金组织变得更加均匀，并且实现更好

的强韧性结合，变形后合金的屈服强度(YS)、极限抗拉强度(UTS)和伸长率(EL)分别达到 212 MPa、303 MPa 和

21.7%。晶粒细化和 Mg2Sn 析出物的钉扎效应对强度的提高起到重要作用，此外，延展性的提高归因于基面纤维

织构的弱化和非基面滑移系的激活。 

关键词：Mg−Sn−Al−Zn 合金；挤压−剪切；晶粒细化；力学性能；织构演变 

 (Edited by Bing YANG) 



<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



