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A B S T R A C T   

The effects of four different hot extrusion processes on the microstructure, texture, and mechanical properties of 
Mg–5Li–3Sn–2Al–1Zn alloys were investigated with the help of optical microscope (OM), scanning electron 
microscope (SEM), transmission electron microscope (TEM) and electron backscatter diffraction (EBSD) tech
niques. The results show that the magnesium alloy experienced dynamic recrystallization during the hot 
extrusion processes, the grain size was significantly refined compared with that of the cast alloy, and the me
chanical properties of the alloy were significantly improved. After the 105◦ forward-parallel channel extrusion 
process, the alloy exhibited optimal strength and plasticity with 178 MPa, 270 MPa, and 21.03% for tensile yield 
strength, ultimate tensile strength, and elongation, respectively, which were 61.8%, 44.4%, and 134.4% higher 
compared to the homogeneous state. The increase in strength is attributed to fine grain strengthening, while the 
significant increase in plasticity is due to the weakening of the basal texture and the improved coordination of 
plastic deformation of the magnesium alloy following grain refinement.   

1. Introduction 

Typically, the Mg–Li alloy is the lightest magnesium alloy, with a 
lower density than any other magnesium or aluminum alloy. It also has 
good plasticity and molding properties. Therefore, an Mg–Li-based alloy 
is expected to become a new ultralight magnesium alloy adapted to 
industrial production, further reducing carbon emissions and achieving 
carbon neutrality and carbon peaking [1–3]. However, the extremely 
poor room temperature strength of Mg–Li alloys limits their industrial 
application [4–6]. Generally, adding appropriate amounts of alloying 
elements effectively improves the mechanical properties of materials 
and typical strengthening elements, such as Al, Zn, Mn, and REs [7–11]. 
In addition, Li can affect the mechanical properties of magnesium by 
changing its crystal structure. The phase structure of the Mg–Li alloy can 
also be influenced by the Li content: when the Li content is below 5.7 wt 
%, the Mg–Li alloy has an α-Mg single-phase structure; when the Li 
content is between 5.7 wt% and 10.3 wt%, the Mg–Li alloy has an α-Mg 
and β-Li dual-phase structure; and when the Li content is above 10.3 wt 
%, the Mg–Li alloy has a β-Li single-phase structure [12–15]. Al has a 
strong solid solution strengthening effect and is among the most 
important additive elements [16,17]. Zn can improve the strength and 

plasticity of magnesium alloys by refining its grain size [18,19]. Sn can 
also improve the strength of magnesium alloys: the addition of Sn can 
form Mg2Sn and Li2MgSn in the magnesium matrix, which will partici
pate in preventing dislocation movement, thereby improving the me
chanical properties of the alloy [12]. Meanwhile, increasing the melting 
point of the formed Mg2Sn precipitates will improve the mechanical 
properties of the Mg–Li alloy at high temperatures [20]. 

The methods of improving the mechanical properties of Mg–Li alloys 
are not limited to alloying additions. Thermomechanical processes have 
also been shown to be imperative in improving mechanical properties 
through microstructural refinement [21]. The hot extrusion process has 
an excellent grain refinement effect, and the Hall–Petch relationship 
states that grain refinement can enhance the tensile strength of the alloy 
[22]. The hot extrusion process also significantly affected the texture of 
Mg–Li alloys [23]. Many materials researchers have reported on the 
effects of hot extrusion on the mechanical properties of Mg–Li-based 
alloys. Son et al. [24] found that adding Li to an 
Mg–3Zn–1Sn-0.4Mn-based alloy formed MgLi2Sn precipitates, which 
are imperative in improving the mechanical properties of the alloy. With 
an increase in Li, the plasticity of the alloy was greatly enhanced. When 
8% Li was added, the elongation (EL) was 49.3%, but the ultimate 
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tensile strength dropped to 147 MPa. Tang et al. [25] also found that the 
Li content strongly influenced the plasticity of the Mg-xLi-3Al–2Zn-0.2Y 
(x = 5, 8, 11) alloy. Shear bands were observed in the as-extruded 
Mg–5Li–3Al–2Zn-0.2Y but not in the other two extruded alloys, sug
gesting that the plasticity of the alloy significantly increased with an 
increased Li content. In addition, the behavior of solid solution 
strengthening during annealing was observed in other alloys with high 
Li content. Pugazhendhi et al. [26] found that β-Li effectively enhances 
the plasticity of Mg–Li alloys and that the solute effect of Al is crucial in 
improving the strength of the Mg–8Li alloy. The Mg–8Li–6Al alloy 
showed a maximum tensile yield strength and ultimate tensile strength 
of 192 MPa and 250 MPa, respectively. Chang et al. [27] reported the 
effect of Sn and Y on the mechanical properties of the Mg–9Li–3Al alloy. 
They found that adding Sn improves the strength of the alloy due to 
grain refining and precipitation strengthening, while Y promotes the 
pyramidal <a + c> slip in the α-phase and the volume fraction of the 
β-phase, thus improving the ductility of the Mg–9Li–3Al alloy. 

Reviewing previous studies on Mg–Li alloys [24–27], two main is
sues have limited the large-scale industrial application of Mg–Li alloys: 
first, the Mg–Li-based alloys they prepared had high Li content; second, 
the extrusion ratio of their Mg–Li-based alloys was high. The first issue 
greatly increases the production cost of Mg–Li alloys [28]. Moreover, a 
high extrusion ratio is demanding on the extrusion equipment and re
duces their mold life, further limiting the large-scale application of 
high-strength Mg–Li-based alloys in the industry. In addition, there are 
few studies on the effect of the magnesium alloy one-pass forming 
process on the mechanical properties of Mg–Li-based alloys. To explore 
the effect of the one-step extrusion process on the mechanical properties 
of Mg–Li-based alloys, a low-alloyed Mg–5Li–3Sn–2Al–1Zn alloy was 
prepared in this work. The Mg–5Li–3Sn–2Al–1Zn alloy was applied to 
Φ12 forward extrusion (Φ12 FE), Φ10 forward extrusion (Φ10 FE), 90◦

forward-parallel channel extrusion (90◦ FPE), and 105◦ forward-parallel 
channel extrusion (105◦ FPE). The effect of the hot extrusion process on 
the grain structure and dynamic recrystallization behavior of magne
sium alloys was shown by the microstructural changes. Moreover, ten
sile tests at room temperature were performed on extruded specimens 
for each process to illustrate the effect of these microstructural changes 
on the strength and plasticity of the alloy. This provides an effective 
approach to commercializing large structural pieces of Mg–Li-based 
alloys. 

2. Materials and methods 

The Mg–5Li–3Sn–2Al–1Zn alloy used in this work was prepared 
using pure Sn (99.95 wt%), pure Al (99.95 wt%), pure Zn (99.90 wt%), 
and Mg–13Li master alloy. The above metal raw materials were melted 
in a vacuum induction melting furnace under a protective atmosphere of 
high-purity Ar. The liquid alloy was poured into a cylindrical steel mold 
preheated to 150 ◦C and cooled naturally to room temperature to obtain 
the original ingot, with a size of Φ90 × 220 mm. The actual composition 
of the alloy was tested using inductivity-coupled plasma atomic emis
sion spectroscopy (ICP-AES). The results are shown in Table 1. The heat- 
treated specimens were sampled in the equiaxial crystal zone, with a size 
of Φ20.5 × 140 mm. To prevent oxidation or combustion of the spec
imen during heat treatment, the specimens were sealed in a glass tube 
and evacuated with a vacuum of 1 × 10− 2 Pa. The heat-treated speci
mens were homogenized at 400 ◦C for 24 h and water-cooled. Subse
quently, the specimens were machined to remove the oxide skin and 
were split into Φ20 × 40 mm for hot extrusion. Hot extrusion processes 
were conducted at 250 ◦C at an extrusion rate of 2 mm/s. Four hot 

extrusion processes are shown in Fig. 1(a). 
The phase and macrotexture analyses were identified using X-Ray 

Diffraction (XRD, D8 advance). The target material was Cu (λ =
1.5418Ȧ), the operating voltage was 40 kV, and the operating current 
was 40 mA. XRD patterns of the phases were collected at diffraction 
angles from 20◦ to 80◦, and the obtained data were analyzed using Jade 
6.0. Macrotexture was analyzed using the reflection method on the basal 
plane (0001) and prismatic plane (1010) with measurement angles from 
0◦ to 70◦, and the obtained data were analyzed using Jtex. The micro
structure was observed using an optical microscope (OM, VHX-900), a 
transmission electron microscope (TEM, JEOL-2100 F), and a scanning 
electron microscope (SEM, JSM-7900F) equipped with an energy 
dispersive spectrometer (EDS) and an electron backscatter diffraction 
(EBSD) system. The data measured in the EBSD test were analyzed by 
Channel 5. The test surfaces for the XRD, OM, TEM, and EBSD analyses 
are shown in Fig. 1(b), where ED indicates the extrusion direction, TD 
indicates the transverse direction, and ND indicates the normal direc
tion. Tensile tests at room temperature were conducted on a SANS 
universal testing machine with a displacement speed of 1 mm/min, and 
the tensile specimen size was 8 × 60 mm. At least three identical tests 
were performed for each alloy, and the average values were obtained. 
After the tensile tests, the fracture morphologies were observed and 
analyzed using an SEM (JSM-7900F). 

3. Results 

3.1. Microstructure 

Fig. 2 shows the XRD patterns of the Mg–5Li–3Sn–2Al–1Zn alloy 
after the homogenizing heat treatment and hot extrusion processes. 
Diffraction peaks of the α − Mg phases were detected in all samples, 

Table 1 
Chemical composition of the Mg–5Li–3Sn–2Al–1Zn alloy (wt.%).  

Alloy Mg Sn Al Zn Li 

Mg–5Li–3Sn–2Al–1Zn Bal. 3.17 2.07 1.08 5.23  Fig. 1. Hot extrusion processes and sampling diagram.  
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while no diffraction peaks of the β − Li phases were detected, consistent 
with the Mg–Li binary diagram. Other diffraction peaks correspond to 
the Mg2Sn and Li2MgSn phases. By comparing the as-homogeneous alloy 
with the as-extruded alloy, the intensity of the diffraction peaks at a 35◦

diffraction angle in the XRD pattern is shown to be significantly 
enhanced after the FE processes, indicating that the FE processes change 
the grain orientation of the alloy and that the basal texture is signifi
cantly enhanced. The intensity of the diffraction peak at the 35◦

diffraction angle was reduced for the alloys after two different FPE 
processes, indicating that the two additional passes of shear deformation 
further weakened the basal texture of the alloy. The intensity of the 
diffraction peak of the magnesium alloy at the 35◦ diffraction angle after 
105◦ FPE is greater than that of the 90◦ FPE, indicating that the degree of 

shear deformation also affects the basal texture intensity of the 
Mg–5Li–3Sn–2Al–1Zn alloy. 

Fig. 3 shows the SEM secondary electron images and the EDS results 
of the corresponding points of the Mg–5Li–3Sn–2Al–1Zn alloy after the 
homogenization heat treatment and hot extrusion processes. After ho
mogenization, several bright precipitated phases appeared in the α-Mg 
matrix (Fig. 3(a)). We selected two typical locations for EDS analysis, 
and although both Points 1 (P1) and 2 (P2) were enriched with Mg and 
Sn, they had different shapes. Point 1 is a fine bar-like precipitation 
phase, and the EDS results show that the ratio of Mg to Sn is approxi
mately 1:1. Since Li is undetectable by EDS analysis, combined with the 
analysis of the XRD results, the bar-like precipitation phase is Li2MgSn. 
While Point 2 is a small white particle, the EDS results show that the 
ratio of Mg to Sn at this point is approximately 2:1, indicating that the 
precipitated phase may be Mg2Sn. After different hot extrusion pro
cesses, the precipitated phases underwent different degrees of frag
mentation and were uniformly distributed within the Mg matrix (Fig. 3 
(b–e)). Two typical locations were selected for EDS analysis for each 
bright area after hot extrusion, and the results are shown in Fig. 3(f). We 
determined that the main composition of the precipitated phases in the 
bright areas was unchanged after hot extrusion, and the bar-like and 
particle-precipitated phases were Li2MgSn and Mg2Sn, respectively. The 
quantity of the bar-like phases decreased after hot extrusion, indicating 
that the Li2MgSn phase was crushed during hot extrusion. Fu et al. [8] 
concluded that Li2MgSn is a metastable phase, which is rapidly trans
formed into Mg2Sn during hot extrusion. 

Fig. 4 shows the optical micrographs of the Mg–5Li–3Sn–2Al–1Zn 
alloy after the hot extrusion processes and the corresponding average 
grain statistics. Fig. 4(a) and (b) show that some grains in the alloy 
experienced dynamic recrystallization during the FE process. However, 
coarse original grains remained, and their structure was not uniform. 
The average grain size was 5.03 μm and 4.86 μm. Comparing the two 
FPE processes, we found that the area fraction of DRXed grains in the 
alloy increased gradually after increasing the extrusion ratio [29]. 
Hence, the degree of dynamic recrystallization of the alloy is increased 
after the Φ10 FE process. During extrusion, the coarse original grains 
were elongated along the ED. Thus, Fig. 4(a) and (b) show that many 

Fig. 2. XRD pattern of the alloys after hot treatment and hot extru
sion processes. 

Fig. 3. SEM images and EDS results of the alloys after hot treatment and hot extrusion processes: (a) as-homogeneous, (b) Φ12 FE, (c) Φ10 FE, (d) 90◦ FPE, and (e) 
105◦ FPE images and (f) EDS results. 
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fine grain bands parallel to the ED were distributed around the coarse 
original grains, exhibiting a typical bimodal structure. As shown in Fig. 4 
(c) and (d), the microstructure was dominated by fine equiaxed grains 
after the FPE processes. Simultaneously, the structure had increased 
uniformity, which is effective in improving the plastic deformation 
properties of the alloy. In addition, the average grain size is further 
refined compared to the FE processes, which are 3.15 μm and 3.56 μm. 

3.2. Mechanical properties 

Fig. 5(a) shows the tensile stress–strain curves at room temperature 

for the as-homogeneous and as-extruded Mg–5Li–3Sn–2Al–1Zn alloys. 
The corresponding values of tensile yield strength (TYS), ultimate tensile 
strength (UTS), and elongation (EL) are shown in Table 2. In order to 
compare the effects of each extrusion process on the alloy properties, a 
comparative graph of the mechanical properties was plotted (Fig. 5(b)). 
The relative changes after each extrusion process compared to the as- 
homogeneous alloy are also shown in Fig. 5(b). The strength and plas
ticity of the alloy after the hot extrusion processes are much higher than 
those of the as-homogeneous alloy (Fig. 5(a)). This confirms that the 
thermomechanical processes have an over 50% stronger strengthening 
effect on the alloy—with YTS approximately 180 MPa, UTS above 250 

Fig. 4. Optical micrographs and statistical results of the grain size of the alloys after hot extrusion processes: (a) Φ12 FE, (b) Φ10 FE, (c) 90◦ FPE, and (d) 105◦ FPE.  
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MPa, and a significant improvement in EL without loss of 
strength—compared to the as-homogeneous alloy. 

4. Discussion 

4.1. Microstructural evolution during different extrusion processes 

EBSD tests were conducted to accurately analyze the microstructure 
evolution of Mg–5Li–3Sn–2Al–1Zn during the hot extrusion processes. 
Fig. 6 shows the grain orientation maps of the Mg–5Li–3Sn–2Al–1Zn 
alloy after the hot extrusion processes, and the different colors of the 

grains in the diagram represent different grain orientations [30,31]. In 
Fig. 6(a), most of the original grains with larger sizes exhibit a green 
color, indicating that their <1210>‖ED-preferred orientation was 
obvious. Meanwhile, some fine DRXed grains exhibit a red color, indi
cating that their orientation has changed significantly from that of the 
original grains, mostly <0001>‖ED-preferred orientation. The change 
in grain size and orientation indicates that the alloy experienced dy
namic recrystallization after the Φ12 FE process, which increased the 
intensity of the basal texture. Fig. 6(b) shows that the number of original 
coarse grains was significantly reduced and that the grains exhibited 
different orientations after the extrusion deformation degree of the 
magnesium alloy was increased. This shows that the grain refinement 
was plain after the Φ10 FE process and that there is no obvious preferred 
orientation. Fig. 6(c) and (d) show that the grain orientation difference 
is still large after the FPE processes. Notably, the grown DRXed grains 
were broken when passing through the extrusion corners, further 
refining the grain size; reducing the shear force will affect the extent of 
this grain breakage. Hence, the grain size was larger after 105◦ FPE than 
after 90◦ FPE. 

Fig. 7 shows the grain boundary diagrams of the 
Mg–5Li–3Sn–2Al–1Zn alloy after the hot extrusion processes and the 
statistical results of the grain boundary orientation difference. The grain 

Fig. 5. Tensile properties of the alloy samples after hot treatment and hot extrusion processes. 
(a) stress–strain curves and (b) comparison of mechanical properties. 

Table 2 
Tensile properties of the alloy samples after hot treatment and hot extrusion 
processes.  

Processes TYS (MPa) UTS (MPa) EL (%) 

as-homogeneous 110 187 8.97 
Φ12 FE 180 265 13.23 
Φ10 FE 171 261 14.17 
90◦ FPE 175 255 15 
105◦ FPE 178 270 21.03  

Fig. 6. Orientation maps of the alloys after hot extrusion processes:(a) Φ12 FE, (b) Φ10 FE, (c) 90◦ FPE, and (d) 105◦ FPE.  
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Fig. 7. Grain boundary diagrams and statistical results of the grain boundary orientation difference of the alloys after the hot extrusion processes: (a) Φ12 FE, (b) 
Φ10 FE, (c) 90◦ FPE, and (d) 105◦ FPE. 

Fig. 8. KAM maps of the alloys after the hot extrusion processes:(a) Φ12 FE, (b) Φ10 FE, (c) 90◦ FPE, and (d) 105◦ FPE.  
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boundary orientation difference between 2◦ and 5◦ is the low-angle 
grain boundary (LAGB), indicated by the green lines, and the grain 
boundary orientation difference above 15◦ is the high-angle grain 
boundary (HAGB), indicated by the black lines. The DRXed grains are 
grains with an orientation difference above 15◦. In Fig. 7(a), after the 
Φ12 FE process, the LAGBs account for 68.83%, and these LAGBs are 
distributed around the original un-DRXed grains. In Fig. 7(b), there is a 
significant decrease in the percentage of LAGBs after the Φ10 FE 
extrusion process, accounting for 23.36%. With an increase in the 
extrusion ratio, the corresponding strain increases, resulting in dislo
cations with high mobility and a significant reduction of the LAGBs, 
which then transform into HAGBs [32]. With an increase in the plastic 
deformation degree, more grains experienced dynamic recrystallization, 
dislocations increased and migrated, the recrystallization of nucleation 
and growth eliminated the lattice distortion, and grain distribution had 
increased uniformity. In Fig. 7(c) and (d), the alloy was still distributed 
with many LAGBs after the FPE processes, but the average grain size was 
significantly reduced. This phenomenon also illustrates that the DRXed 
grains were broken under the shear force, and the decrease in the shear 
force will weaken the degree of grain breakage. In addition, a 
necklace-like structure can be observed around the deformed grains. 
This process requires no nucleation and growth stages and is called 
continuous dynamic recovery and recrystallization (CDRR) [33]. 

Fig. 8 shows the kernel average misorientation (KAM) maps of the 
Mg–5Li–3Sn–2Al–1Zn alloy after the hot extrusion processes. The green 
part of the diagram indicates the dislocation density. The dislocations 
were mostly distributed inside the deformed grains and around the 
substructure after the Φ12 FE process (Fig. 8(a)). This is because adding 
Li increased the stacking fault energy and dynamic recovery (DRV). 
Under the influence of DRV, the dislocations within the substructure will 
be rearranged, and dissimilar dislocations will cancel each other, leaving 
dislocations distributed around and not inside the substructure. How
ever, with the dislocations pile-up and dislocations tangle around the 
substructure, the stored energy inside the alloy increased rapidly. To 
release the stored energy, the dislocations transform the sub-grains into 
deformed grains by slipping and climbing; thus, the dislocation density 
inside the deformed grains was superior. Fig. 8(b) shows that the 
dislocation density is reduced due to the large deformation of the Φ10 
FE process. When the dislocations are accumulated to a certain degree, 
DRX nucleation is promoted with continued deformation, and the 
generated fine DRXed grains will absorb the dislocations and grow. In 

Fig. 8(c) and (d), the grain size of the alloy is fine, and the grain dislo
cation density is extremely high when the two shear deformation pro
cesses are combined. Moreover, the grains were mainly deformed grains. 
Since the grown DRXed grains continue to be broken by plastic defor
mation, an increased amount of deformation increases the lattice 
deformation energy stored in the material, forming many deformed 
grains and increasing the nucleation point for recrystallization [34]. 
Accordingly, the reduced shear deformation induces a decrease in 
dislocation density while allowing more DRXed grains to be preserved. 

Fig. 9 shows the TEM images of the Mg–5Li–3Sn–2Al–1Zn alloy after 
the hot extrusion processes. In Fig. 9(a), there are only a few dislocations 
at the center of the coarse grains, and most dislocations appear around 
the grain boundaries of the coarse grains, which can be judged as the 
substructure in combination with the analysis of the KAM maps. The 
substructure transforms into DRXed grains by rotation with the slip of 
dislocations, which behaves as a typical CDRX feature [35]. From Fig. 9 
(b), many LAGBs were distributed at the boundaries of the 
dislocation-focused zones. During extrusion, these LAGBs will continu
ously absorb dislocations, gradually transform into HAGBs, and then 
into DRXed grains. Fig. 9(c) and (d) show the TEM images of the alloy 
after the FPE processes. The dislocation density is increased when the 
shear deformation process is compounded, and numerous dislocation 
pile-up and dislocation tangle can be seen. The <a + c> dislocations in 
Fig. 9(c) would favor the transformation of LAGBs to HAGBs. The DRXed 
grain, dislocation pile-up, and substructure can be seen in Fig. 9(d). With 
the slip of dislocations, the dislocation pile-up would be rearranged to 
promote the formation of substructures, which would absorb the dislo
cations and thus increase the grain boundary orientation difference and 
form HAGBs. 

Fig. 10 shows the distribution diagrams of the recrystallized, sub
structured, and deformed grains of the Mg–5Li–3Sn–2Al–1Zn alloy after 
the hot extrusion processes. The blue, yellow, and red parts in the dia
gram indicate the DRXed, substructured, and deformed grains, respec
tively. Fig. 11 shows the statistical diagrams of the recrystallized, 
substructured, and deformed grains. The substructure has the maximum 
percentage, with a value of 54.44% after the Φ12 FE process. Many 
substructures were associated with the activation of dislocations, sug
gesting that the Φ12 FE extrusion process activates the dislocation slips 
[36]. Moreover, the coarse subgrains can act as the nucleation of dy
namic recrystallization to grow further [37]. In addition, 80% of the 
grains in Fig. 11(b) are recrystallized grains, indicating that the alloy 

Fig. 9. TEM image of the alloys after hot extrusion processes: (a) Φ12 FE, (b) Φ10 FE,(c) 90◦ FPE, and (d) 105◦ FPE.  
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experienced significant dynamic recrystallization after the Φ10 FE 
process. More than half of the grains in Fig. 11(c) are deformed, and 
nearly a third are substructured, indicating a very small degree of DRX. 
Consistent with the previous conclusions, most DRXed grains were 
broken and failed to grow, thus exhibiting deformed grains. In Figs. 11 
(d), 48.73% of the grains are deformed grains. Compared with the 90◦

FPE process, we found that reducing the shear deformation significantly 
improves the degree of DRX and decreases the proportion of DRXed 
grains that break. 

4.2. Texture evolution during different extrusion processes 

Fig. 12 shows the pole figures of the Mg–5Li–3Sn–2Al–1Zn alloy after 
the hot extrusion processes. In Fig. 12(a), the maximum value of the 
basal texture intensity is 41.3. This is due to the small range of the EBSD 

test collection and the large size of the original grains in the collected 
zones, which makes the values of the measured texture intensity high. In 
contrast, the maximum value of the basal texture intensity in Fig. 12(b) 
is 5.56, showing a significant decrease for the following reasons. First, 
the increased extrusion ratio activates the non-basal slip and weakens 
the basal texture intensity. Second, the increased extrusion ratio drives 
the grains to an increased degree of DRX, while the DRXed grains exhibit 
a random orientation, resulting in a reduced basal texture intensity. In 
Fig. 12(c) and (d), after two passes of shear deformation processes 
compound, the DRXed grains break under the influence of shear force, 
resulting in many deformed grains and an increase in the basal texture 
intensity [34]. Moreover, the decreased shear deformation, shown in 
Fig. 12(d), increased the basal texture intensity. 

Fig. 13 shows the macrotexture of the Mg–5Li–3Sn–2Al–1Zn alloy 
after the hot extrusion processes. Comparing Fig. 13(a) and (b), the in
tensities of both the basal and cylindrical textures of the alloy were 
significantly reduced after the Φ10 FE process, which is mainly due to 
the increased degree of DRX caused by the increased extrusion ratio. In 
Fig. 13(c), the intensity of the cylindrical texture is similar to that of the 
basal texture after the alloy experienced the 90◦ FPE process. This in
dicates that the added two passes of shear deformation caused the grains 
to rotate during extrusion, with varying grain orientations and a sig
nificant weakening of the basal texture [38]. In Fig. 13(d), the alloy 
exhibits <1010>‖ED-preferred orientation after the 105◦ FPE process, 
and the decrease in shear deformation reduces the basal texture 
intensity. 

4.3. Effects of extrusion processes on the elongation of the 
Mg–5Li–3Sn–2Al–1Zn alloy 

According to the above, the hot extrusion process is imperative in 
grain refinement. The Hall–Petch relationship states that a reduction in 
grain size benefits the mechanical properties of the alloy [39,40]. 
Combining Table 2 and Fig. 5(b), we found that after increasing the 
extrusion ratio, the TYS and UTS of the alloy slightly decreased, and the 
EL slightly increased. This is due to the higher degree of DRX in the Φ10 
FE process compared to the Φ12 FE process and the fact that the DRXed 
grains have some weakening effect on the basal texture, hence 
increasing the EL [41]. As for the two FPE processes, we found that 

Fig. 10. Distribution diagrams of the recrystallized, substructured, and deformed grains of the alloys after hot extrusion processes: (a) Φ12 FE, (b) Φ10 FE, (c) 90◦

FPE, and (d) 105◦ FPE. 

Fig. 11. Statistical diagrams of the recrystallized, substructured, and deformed 
grains of the alloy after hot extrusion processes: (a) Φ12 FE, (b) Φ10 FE, (c) 90◦

FPE, and (d) 105◦ FPE. 
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although there is no change in the extrusion ratio, the difference in the 
extrusion process also influences the mechanical properties of the alloy. 
Combined with Table 2 and Fig. 5(b), the FE processes have a slight 
advantage in improving the TYS and UTS of the alloy, while the FPE 
processes are beneficial in improving the EL of the alloy. Hence, the two 
additional shear deformation processes positively affected the alloy 
properties, and the plasticity of the alloy increased significantly after the 
105◦ FPE process. The EL of the alloy increased by 134.4% compared to 
the as-homogeneous alloy, while the TYS and UTS of the alloy also 
increased by 61.8% and 44.4%, respectively. The significant increase in 
alloy plasticity is related to the grain size and weakening of the alloy 

basal texture. The grain size of the alloy after the 105◦ FPE process is 
uniform and fine. With more grains per unit volume, the area of grain 
boundaries also increases, which is beneficial for plastic deformation to 
be dispersed in more grains and induces an improvement in the EL of the 
alloy [42]. In addition, the improvement of the EL may be related to 
other factors, such as the extent of the fine grain zone, the uniformity of 
the microstructure, internal stresses, dislocation density, and metal 
formation processes [38,43]. 

Based on the data of the mechanical properties of typical extruded 
magnesium alloys in Table 3, the Mg–Sn–Al–Zn system alloys without Li 
possess high TYS and UTS, showing that Sn, Al, and Zn have an excellent 

Fig. 12. Pole figures of the alloys after the hot extrusion processes: (a) Φ12 FE, (b) Φ10 FE,(c) 90◦ FPE, and (d) 105◦ FPE.  
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strengthening effect, which makes the plasticity of the magnesium alloy 
reduce sharply [44,45]. However, the plasticity of the Mg–Li alloy is 
excellent. An increased Li content improves plasticity, but the strength is 
particularly low [26,46]. Hence, adding these elements to Mg–Li alloys 
will reduce the disadvantage of poor strength and make Mg–Li-based 
alloys possess high strength or good ductility [12,26,47,48]. In this 
work, the alloy composition was designed rationally to achieve low 
alloying, and the extrusion process was optimized to considerably 
improve the comprehensive mechanical properties of the Mg–Li alloy. 
However, the mechanical properties of the Mg–Li alloy in this work are 
still expected to be further improved by fully utilizing alloying and 
fine-grained strengthening and thermomechanical processing. 

The SEM morphology of the tensile fracture surfaces of the 
Mg–5Li–3Sn–2Al–1Zn alloy specimens after the hot extrusion processes 
are shown in Fig. 14. The tensile fracture surfaces were composed of 
small dimples and fewer crack sources. This result is consistent with that 
reported by Li [46], where the size of the microcracks caused by the slip 
band of the Mg–5Li alloy was small, and the alloy experienced relatively 

uniform plastic deformation. This phenomenon shows that hot extrusion 
processes can effectively eliminate the aggregation of second-phase 
precipitation of casting defects, significantly increasing the plasticity 
of the alloy, consistent with the above results for tensile plasticity [49]. 
In Fig. 14(a) and (b), after the FE processes, there are few dimples and 
many cleavage surfaces in the tensile fracture of the specimen, and many 
precipitated particles are dispersed in the matrix as particle bands. This 
can relieve local stress concentrations around the particles, exhibiting a 
mixed fracture mode of ductile and brittle fractures. In Fig. 14(b), the 
tensile fracture surface of the specimen is smooth after the Φ10 FE 
process, and many dimples exist around the tear ridges. The plasticity of 
the alloy is further improved compared to the Φ12 FE process, but it still 
belongs to the mixed fracture mode of brittle and ductile fractures. 
Fig. 14(c) shows the tensile fracture of the specimen after the 90◦ FPE 
process, where many dimples exist on the surface of the alloy, indicating 
that the alloy experienced a significant deformation during the tensile 
process with good plastic deformation properties. In addition, some 
cleavage surfaces and steps can be observed on the alloy surface, indi
cating that a cleavage fracture has also occurred in the alloy. This be
longs to the mixed fracture mode of brittle and ductile fractures, but 
ductile fracture dominates. Fig. 14(d) shows the tensile fracture of the 
specimen after the 105◦ FPE process. The diagram shows that the 
number of dimples on the fracture surface is increasingly significant, 
indicating that the plasticity of the alloy is better after the 105◦ FPE 
process, and the fracture mechanism is dominated by the ductile 
fracture. 

5. Conclusion 

Four different hot extrusion processes were conducted for the ho
mogeneous Mg–5Li–3Sn–2Al–1Zn alloy. After each hot extrusion pro
cess, the alloy microstructure was observed, and tensile tests were 
performed at room temperature. Consequently, the following conclu
sions were obtained. 

Fig. 13. Macrotexture of the alloys after hot extrusion processes: (a) Φ12 FE, (b) Φ10 FE,(c) 90◦ FPE, and (d) 105◦ FPE.  

Table 3 
Mechanical properties of the as-extruded Mg–5Li–3Sn–2Al–1Zn alloy and the 
typical magnesium alloys under the as-extrusion addition.  

Alloy composition TYS (MPa) UTS (MPa) EL (%) Ref. 

Mg–7Sn–1Al–1Zn 194 271 13.4 [44] 
Mg–9.8Sn–3.0Al–1.23Zn 319 358 6.1 [45] 
Mg–5Li 77 159 17.0 [46] 
Mg–5Li–3Al 143 233 18.2 [12] 
Mg–5Li–3Al–2Zn 150.8 284.1 16.9 [47] 
Mg–7Li–2Al-1.5Sn 250 324 11.9 [48] 
Mg–8Li 106 141 19 [26] 
Mg–8Li–2Al 113 180 16 [26] 
Mg–8Li–3Al 164 214 20.9 [12] 
Mg–8Li–1Al-0.5Sn 240 322 11 [8] 
Mg–11Li–3Zn 124.5 137.7 56.1 [24] 
Mg–5Li–3Sn–2Al–1Zn 178 270 21.03 This work  
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(1) Three phases, α-Mg, Mg2Sn, and Li2MgSn, were observed in the 
Mg–5Li –3Sn–2Al–1Zn alloy after the homogenization treatment 
at 400 ◦C for 24 h. The four hot extrusion processes did not 
change the precipitation phases of the Mg–5Li–3Sn–2Al–1Zn 
alloy. After the hot extrusion processes, the precipitated phases 
were fragmented and distributed in the alloy, and the degree of 
fragmentation increased after the FPE processes.  

(2) Dynamic recrystallization occurred during the hot extrusion 
processes, and the grains were significantly finer than those of the 
as-homogeneous alloy. Additionally, the FPE processes showed 
superior grain refinement. After the 105◦ FPE process, the 
Mg–5Li–3Sn–2Al–1Zn alloy had a fine and uniform microstruc
ture, with an average grain size of 3.56 μm. Furthermore, the 
basal texture was significantly weakened, which is attributed to 
the addition of two passes of the 105◦ ECAP processes.  

(3) The TYS, UTS, and EL of the Mg–5Li–3Sn–2Al–1Zn alloy 
increased after the hot extrusion processes. The alloy showed 
optimal mechanical properties after the 105◦ FPE process. In 
addition, the EL is 21.03% without the loss of TYS and UTS, 
which is an increase of 134.4% compared to that of the as- 
homogeneous alloy. The significant increase in plasticity is due 
to the weakening of the basal texture and grain refinement. 

(4) The fracture mechanism of the alloy after the hot extrusion pro
cesses is a combination of ductile and brittle fractures. The dif
ference is that the alloy shows excellent plastic deformation after 
the FPE processes. There are increased dimples, and ductile 
fracture plays a major role. The plasticity of the alloy is optimal 
after the 105◦ FPE process. 
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