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Abstract: The effects of contents of Zn and Gd elements and their mass ratios on microstructure and mechanical 
properties of as-cast and as-extruded Mg−8Li alloys were investigated. After extrusion, the precipitates are broken, and 
fine spherical particles with size about 100 nm are found to disperse in the β-Li. The bi-modal structure consisting of 
long-strip-like coarse-grain α-Mg and recrystallized fine-grain β-Li is formed. The strength and plasticity of the alloys 
are greatly improved after extrusion, and the YS and UTS increase with the increase of Zn and Gd contents. The 
Mg−8Li−8Zn−2Gd alloy exhibits an optimum comprehensive performance with the YS of 274 MPa, UTS of 283 MPa, 
and EL of 39.9%. The bi-modal structure strengthening consisting of the fine crystal strengthening of β-Li and texture 
strengthening of α-Mg, and the dispersion strengthening of precipitations are the main strengthening mechanisms. 
Key words: Mg−Li alloy; extrusion deformation; bi-modal structure; dispersion strengthening 
                                                                                                             
 
 
1 Introduction 
 

The lightweight of metal structure materials is 
conducive to energy conservation and emission 
reduction, which has attracted more and more 
attention in recent years. Mg−Li alloys are the 
lightest metal-structural materials known at present, 
which have good ductility, and considerable 
specific strength and modulus [1,2]. However, the 
low absolute strength is one of the main factors 
limiting practical applications. Adding alloying 
elements and plastic deformation (extrusion, rolling, 
and forging) are effective methods to improve the 
comprehensive mechanical properties of Mg−Li 
alloys [3]. 

Zn element is an important strengthening 
alloying element in the Mg−Li-based alloys, which 
can not only enhance the strength of Mg−Li alloys 
but also has little bad effect on ductility [4,5]. 
However, Mg−Li−Zn alloys have an obvious 
over-aging softening phenomenon due to the 
transition of metastable phases (MgLi2Zn → 
MgLiZn) [6]. One approach to improve the thermal 
stability and strength of Mg−Li alloys is to add 
rare-earth elements (RE) due to the formation of 
thermally stable RE-containing phases and grain 
refinement [6]. In traditional Mg−Zn−RE alloys, 
the formation of complex Mg−Zn−RE ternary 
phases (Mg3Zn6RE and Mg3Zn3RE2) can contribute 
to excellent mechanical properties [7−9]. Similarly, 
adding Zn and RE into Mg−Li alloys, including Y, 
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Gd, and Er, can also help to overcome the 
deficiency of poor strength [10]. Researchers in 
Refs. [11−14] have reported that the formation of 
the W-phase (Mg3Zn3RE2) and I-phase (Mg3Zn6RE) 
is dependent on the Zn/RE ratio. XU et al [11] have 
found that I-phase and W-phase were both formed 
when Zn/RE mass ratios are 2.86 and 1.78, 
respectively. Previous studies [15] suggested that 
the Zn/RE mass ratios of the I-phase and W-phase 
were 4.38 and 1.10, respectively. In addition, 
ZHANG et al [10] indicate that the strength of the 
as-extruded Mg−Li−Zn−Gd alloys is determined  
by the volume fraction of the I-phase. Based on 
these findings, two further questions can be raised: 
(1) Can the contents of Zn and Gd influence the 
microstructure of Mg−Li−Zn−Gd alloys with    
the same Zn/RE ratio? (2) What is the main 
strengthening mechanism in the as-extruded 
Mg−Li−Zn−Gd alloys? 

In this work, the Mg−8Li alloy with dual phase 
was selected as the base alloy, which combined the 
moderate strength of the α-Mg phase with good 
ductility of the β-Li phase. Based on the above 
findings, Zn/Gd mass ratio was chosen to be 2 and 
4, aiming to get both W-phase and I-phases [11,15]. 
Mg−8Li−2Zn−1Gd and Mg−8Li−x(4Zn−1Gd) (x=1, 
1.5, and 2 wt.%) alloys were designed. The target 
was to answer the above two questions by 
investigating the effects of the contents of Zn and 
Gd elements and their mass ratios on the 
microstructure and mechanical properties of the 
Mg−8Li alloys before and after hot extrusion. This 
study is of great significance for the development of 
high-strength and lightweight Mg−Li alloys. 
 
2 Experimental 
 

In this work, the designed Mg−Li−Zn−Gd 
alloys were prepared with commercially pure 
magnesium (99.99 wt.%), lithium (99.99 wt.%), 
zinc (99.99 wt.%) and Mg−30wt.%Gd master alloy. 
Raw materials with calculated mass were smelted in 
a vacuum induction furnace. Argon acting as the 
protected gas was pumped into the furnace chamber. 
After the raw materials were melted, the melt was 
stirred electromagnetically for 3 min and kept for 
10 min. Then, it was poured into a metal mold 
preheated to 200 °C. The as-cast Mg−Li−Zn−Gd 
alloys with different Zn and Gd contents and their 
mass ratios were homogenized at 200 °C for 2 h 

and then extruded at 250 °C with the extrusion ratio 
of 25 [10]. 

The samples for microstructure analysis were 
made by standard metallographic preparation. After 
polishing and etching with 4 vol.% nitric acid 
alcohol solution, the metallographic observation 
was conducted by optical microscope (OM,   
Zeiss Axiovert 40). In addition, more detailed 
morphology was observed by scanning electron 
microscope (SEM, Phenom XL), which was 
outfitted with the energy dispersive spectrometer 
(EDS). The fracture surface was also observed by 
SEM. The samples for transmission electron 
microscope (TEM) observation were made by the 
combination of an ultra-precision dimpling grinder 
and iron beam thinner. TEM observation was 
carried out by the JEM−2100 facility at 200 kV. The 
chemical compositions of the investigated alloys 
were listed in Table 1, which were analyzed by 
inductively coupled plasma-atomic emission 
spectrometry (ICP-AES, Avio 500). The actual 
composition was relatively close to the nominal 
composition. The phase compositions of the 
Mg−Li−Zn−Gd alloys were identified by X-ray 
diffraction (XRD, Ultima IV) with the radiation 
resource of Cu Kα, at the step size of 0.03° and 
scanning rate of 5 (°)/min. The grain sizes were 
measured by quantitative graphic analysis software 
Image Pro-plus 6.0. At least 5 optical metallo- 
graphic photos were counted for each sample, and 
the average value was calculated. The Vickers 
hardness (HV) of the alloys was measured at 
ambient temperature with a load of 49 N and a 
loading time of 15 s. Each sample was tested for at 
least 5 hardness values and the average hardness 
was calculated. Specimens for tensile tests were 
machined into a rectangle with a gauge size of 
15 mm × 3 mm × 2 mm by the electric spark linear 
cutting machine. The tensile tests at room temperature 
 
Table 1 Actual chemical compositions of Mg−Li−Zn− 
Gd alloys 

Alloy 
No. 

Nominal 
composition 

Zn/Gd 
mass 
ratio 

Chemical 
composition/wt.% 

Li Zn Gd Mg 

I Mg−8Li−2Zn−1Gd 2 7.68 1.62 1.04 Bal. 

II Mg−8Li−4Zn−1Gd 4 8.04 3.31 1.05 Bal. 

III Mg−8Li−6Zn−1.5Gd 4 8.00 5.14 1.64 Bal. 

IV Mg−8Li−8Zn−2Gd 4 7.97 6.68 2.18 Bal. 
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were conducted at the rate of 1.0 mm/s on the 
Zwick/Roell Z020 tensile test machine equipped 
with an extensometer. The mechanical properties of 
each sample were tested for more than 3 valid 
values, and the average value and its error bar were 
calculated. 
 
3 Results 
 
3.1 Microstructures of as-cast and as-extruded 

Mg−Li−Zn−Gd alloys 
Figure 1 shows the microstructures of the 

as-cast Mg−Li−Zn−Gd alloys, in which a typical 
duplex structure is presented. The matrix consists of 
the white α-Mg phase (hexagonal close-packed 
structure) and the gray β-Li phase (body-centered 
cubic structure) [11,16−19]. With the increase of Zn 
and Gd contents, the number of α-Mg grains 
decreases, and the second phase changes from 
particle-like to net-like. With increasing the 
contents of Zn and Gd, the size of α-Mg grains 
decreases, as shown in Table 2. The optical 
microstructure of as-extruded alloys perpendicular 
to the extrusion direction is presented in Fig. 2. The 
α-Mg phase is severely deformed, and fine black 
particles are uniformly distributed in the matrix. 
Similarly, the optical microstructure of the 
as-extruded alloys parallel to the extrusion direction 

is shown in Fig. 3. The white α-Mg is stretched into 
long strips along the extrusion direction, and the 
gray β-Li changes from continuous structure to 
equiaxed grains with different sizes. The average 
size of β-Li with the Zn/Gd mass ratio of 4 (about 
5 μm) is obviously less than that with the Zn/Gd 
mass ratio of 2 (about 20 μm). The recrystallized 
β-Li grains of Alloy Ⅳ are more uniform and finer, 
indicating that dynamic recrystallization occurred 
during the extrusion process [20,21]. In addition, 
the coarse net-like phases turn into small particles, 
which distribute between the boundary of β-Li 
grains or the boundary of β-Li and α-Mg. 

XRD patterns in Fig. 4 show the phase 
compositions of the alloys before and after 
extrusion. It confirms that all of the as-cast and 
as-extruded alloys mainly consist of α-Mg, β-Li, 
W-phase, Mg3Gd, and MgLiZn phases [5,11,22−24]. 
Due to the sensitivity limit of XRD, the peaks of 
other phases are not detected. The matrix is made 
up of α-Mg and β-Li, which is consistent with the 
typical duplex structure in the above optical 
micrographs. Figure 4(a) shows that the alloys with 
Zn/Gd mass ratio of 4 have a higher peak value of 
W-phase. Figure 4(b) indicates that the number of 
diffraction peaks decreases after extrusion, but the 
variety of phases stays unchanged. Figure 5 shows 
the SEM images of the as-extruded alloys parallel  

 

 
Fig. 1 Optical micrographs of as-cast alloys: (a) Alloy I; (b) Alloy II; (c) Alloy III; (d) Alloy IV 
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Table 2 Average grain sizes of α-Mg grains in as-cast 
Mg−Li−Zn−Gd alloys 

Alloy No. Zn/Gd mass ratio Average grain size/μm 
I 2 67 
II 4 54 
III 4 50 
IV 4 36 

 
to the extrusion direction. After hot extrusion, most 
of the second phases are cracked into small particles. 
The precipitates are distributed in a streamline 
along the extrusion direction. The grain boundaries 
of the β-Li grains can be seen in Figs. 5(c) and (d), 
which also proves that dynamic recrystallization 
occurs during the hot extrusion process [25,26]. 

 

 
Fig. 2 Optical micrographs of as-extruded alloys perpendicular to extrusion direction (Normal direction, ND):       
(a) Alloy I; (b) Alloy II; (c) Alloy III; (d) Alloy IV 
 

 
Fig. 3 Optical micrographs of as-extruded alloys parallel to extrusion direction (ED): (a) Alloy I; (b) Alloy II; (c) Alloy III; 
(d) Alloy IV 
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Fig. 4 XRD patterns of as-cast (a) and as-extruded (b) Mg−Li−Zn−Gd alloys 
 

 
Fig. 5 SEM micrographs of as-extruded alloys parallel to extrusion direction: (a) Alloy I; (b) Alloy II; (c) Alloy III;   
(d) Alloy IV 
 

Figure 6 shows the SEM images of the 
as-extruded alloys perpendicular to the extrusion 
direction. Many tiny particles are exhibited in 
Fig. 6(a) and the hollow-skeleton-like phases exist 
in Figs. 6(b−d). In addition, incompletely broken 
bulky phases exist in Fig. 6(d). The EDS results of 
the points marked in Fig. 6 are listed in Table 3. 
Combined with XRD results, it can be determined 

that the particles marked with 5, 8, and 11 are 
Mg3Gd phase. The particles marked with 1, 3, 4, 6, 
9, 12, and 13 are W-phase (the Zn/Gd mass ratio  
is about 1.5). Since the Li element is not visible in 
the EDS map, it can be judged that the particles 
marked with 2, 7, 10, and 14 are MgLiZn phases. 
These MgLiZn particles are small in size about 
1 μm. 



Yu-chuan HUANG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 798−811 803 

 

 
Fig. 6 SEM micrographs of as-extruded alloys perpendicular to extrusion direction: (a) Alloy I; (b) Alloy II; (c) Alloy III; 
(d) Alloy IV 
 
Table 3 EDS point scan analysis results for positions in 
Fig. 6 

Point No. 
Content/at.% 

Mg Zn Gd 

1 89.21 6.23 4.56 

2 86.24 13.76 − 

3 89.73 5.72 4.54 

4 78.48 12.16 9.35 

5 61.69 − 38.31 

6 89.44 6.58 3.98 

7 68.36 31.40 0.24 

8 69.03 − 30.97 

9 91.72 5.43 2.85 

10 76.14 13.86 − 

11 72.39 − 27.61 

12 87.56 8.21 4.23 

13 82.26 11.6 6.14 

14 87.30 12.70 − 

The TEM equipment is employed to observe 
the microstructure morphology and identify the 
second phase by SAED pattern. As shown in Fig. 7, 
abundant spherical particles with a size of about 
100 nm are widely distributed in the β-Li matrix. It 
can be inferred that these spherical particles    
only exist in the β-Li phase or along the boundary 
of α-Mg and β-Li phases. Figure 8 shows the  
TEM micrographs of the as-extruded Alloy IV. 
Figures 8(a) and (b) show that the second phase is 
mainly distributed along the grain boundary. As 
shown in Fig. 8(c), the W-phase is the bcc structure 
with an elliptical shape. EDS results indicate that 
the chemical compositions include 70.61 at.% Mg, 
18.53 at.% Zn and 10.86 at.% Gd. The lattice 
parameter of the W-phase is calculated as 7.168 Å. 
Fig. 8(d) indicates that the MgZn2 phase with hcp 
structure presents an irregular polygon, with a size 
of about 2 μm. From Figs. 8(e) and (f), both the 
Mg3Gd phase and MgLiZn phase have a bcc 
structure. Figure 9(a) shows the bright field TEM 
image of the as-extruded Alloy IV. Figures 9(b) and  
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Fig. 7 TEM micrographs of dual matrix phases in as-extruded Alloy IV: (a) Dispersed spherical particles with size of 
about 100 nm precipitated in β-Li matrix; (b) α-Mg matrix phase and corresponding SAED patterns 
 

 
Fig. 8 TEM micrographs of second phases in as-extruded Alloy IV: (a) Distribution of second phases; (b) Second 
phases distributed along grain boundary; (c) W phase; (d) MgZn2 phase; (e) Mg3Gd phase; (f) MgLiZn phase 
 
(c) show the dark field TEM images of the MgLiZn 
phase and Fig. 9(d) shows the dark field TEM 
image of the β-Li matrix. It can be inferred that the 
MgLiZn phases are also distributed in the β-Li 
phase or along the boundary. 
 
3.2 Tensile properties and fracture behavior   

of as-cast and as-extruded Mg−Li−Zn−Gd 
alloys 
Tensile properties of the Mg−Li−Zn−Gd alloys 

before and after extrusion are measured. The 

comparison of mechanical properties of the as-cast 
and as-extruded alloys is shown in Figs. 10 and 11, 
respectively. The typical tensile stress−strain curves 
of the as-extruded Mg−Li−Zn−Gd alloys are shown 
in Fig. 12. In Fig. 10, the yield strength (YS) and 
ultimate tensile strength (UTS) of the as-cast 
Mg−Li−Zn−Gd alloys increase with the increase of 
Zn and Gd contents. The as-cast Alloy IV has    
the highest yield strength and tensile strength of 
193 and 237 MPa, respectively. After extrusion 
deformation, the strength of the alloys is improved 
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Fig. 9 Bright and dark field TEM micrographs of as-extruded Alloy IV: (a) Bright field; (b) Dark field of MgLiZn 
within β-Li phase; (c) Dark field of MgLiZn at grain boundary of dual matrix phases and within β-Li phase; (d) Dark 
field of β-Li 
 

 
Fig. 10 Comparison of yield strength (a) and ultimate tensile strength (b) between as-cast and as-extruded Mg−Li− 
Zn−Gd alloys 
 
greatly. The yield strength increment (ΔYS) 
increases with the increase of Zn and Gd contents. 
And the ΔYS of Alloy I with the Zn/Gd mass ratio 
of 2 is less than that of other alloys with the Zn/Gd 
mass ratio of 4. Compared with the ΔYS, the 
ultimate tensile strength increment (ΔUTS) of the 
alloys with different Zn and Gd contents after 
extrusion deformation has little difference. The 

average ΔUTS of the as-extruded alloys is 
43.5 MPa compared with the as-cast alloys. 
Therefore, with the increase of Zn and Gd contents, 
the difference between YS and UTS of the 
as-extruded alloys decreases. The as-extruded  
Alloy IV has the highest YS and UTS of 274 and 
283 MPa, respectively. In Fig. 12, the elongation of 
the as-cast alloys decreases with the increase of Zn  
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Fig. 11 Comparison of elongation between as-cast and 
as-extruded Mg−Li−Zn−Gd alloys 
 
and Gd contents. After extrusion, the elongation of 
all alloys increases. But there is no clear rule 
between the elongation increment (ΔEL) and the 
contents of Zn and Gd. In a word, the strength and 
plasticity of the alloys have been greatly improved 
after extrusion. The ΔUTS is not related to the 
contents of Zn and Gd. The ΔYS is positively 
related to the contents of Zn and Gd. 

Figure 13 shows the tensile fracture surface  
of the as-extruded Mg−Li−Zn−Gd alloys. It can be 

 

 
Fig. 12 Typical tensile stress−strain curves of as- 
extruded alloys 
 
seen from Fig. 13 that, there are a large number of 
dimples in the fracture surface of all as-extruded 
alloys. It is the typical ductile fracture mode, which 
is consistent with the good plasticity of the 
as-extruded Mg−Li−Zn−Gd alloys in Fig. 12. 
Broken second phase particles can be seen at the 
bottom of the dimple. These particles may be the 
source of fracture during tensile deformation [25]. 
After extrusion, the precipitated phase in the alloys 
deforms under the action of extrusion force, and the 

 

 
Fig. 13 SEM images showing tensile fracture surfaces of as-extruded alloys: (a) Alloy I; (b) Alloy II; (c) Alloy III;    
(d) Alloy IV; (e) MgZn2 particle on fracture surface of Alloy I; (f) EDS pointing analysis results of Particle A in (e) 



Yu-chuan HUANG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 798−811 807 

large second phase has been broken [23−25]. 
Therefore, it is necessary to identify and analyze the 
particles at the bottom of the dimple on the fracture 
surface of the as-extruded alloys. Figure 13(f) 
shows the EDS point scan analysis results of 
irregular and coarse particles at the bottom of a 
dimple of Alloy I with the worst plasticity after 
extrusion. In Fig. 13(e), the broken Particle A at the 
dimple mainly contains Mg and Zn. The molar ratio 
of Mg to Zn is about 3:1. Considering the influence 
of Mg atoms in the matrix, the Mg/Zn molar ratio  
is high. Combined with the Mg−Zn binary phase 
diagram, it can be inferred that Particle A is the 
MgZn2 phase. The MgZn2 phase has been observed 
in TEM, as shown in Fig. 8(d). As a phase with an 
hcp structure, the MgZn2 phase has few slip systems 
and poor plasticity, which is easy to become the 
fracturing source of the as-extruded alloys. 
 
4 Discussion 
 
4.1 Effect of Zn and Gd contents on micro- 

structures of Mg−Li−Zn−Gd alloys 
Through investigating the microstructure of 

the Mg−Li−Zn−Gd alloys with the Zn/Gd mass 
ratios of 2 and 4, the effects of Zn and Gd contents 
on the microstructure evolution are analyzed. 
Figure 14 illustrates the schematic diagram of the 
precipitate evolution in the Mg−Li−Zn−Gd alloy 
during extrusion. With the increase of Zn and Gd 
contents, the network-like phases appear and 
gradually coarsen. Results also show that the 
addition of Zn and Gd elements can refine α-Mg 
grains [27]. The average grain size of α-Mg in 
Alloy IV is about 36 μm. According to the XRD 
patterns, the as-cast alloy mainly consists of α-Mg, 
β-Li, MgLiZn, Mg3Gd, and W-phase. 

The type of phases remains unchanged after 
extrusion. A large number of fine equiaxed grains 
appear in the β-Li phase of as-extruded alloy, 
indicating that dynamic recrystallization occurs 
during extrusion [27−29]. There are also some 
larger equiaxed β-Li grains in Alloys I−III, which 
may have grown after dynamic recrystallization. 
With the increase of Zn and Gd contents, the 
recrystallized β-Li grains become more uniform and 
finer. There are few larger equiaxed β-Li grains in 
Alloy IV. A large number of precipitated particles  
in the β-Li matrix phase or at the β-Li grain 
boundary provide more nucleation sites, which 

limits the growth of recrystallized grains [30,31]. 
The α-Mg matrix phase is stretched into long  
strips along the extrusion direction. The bi-modal 
structure is formed after extrusion, which consists 
stretched coarse-grain region with a strong extrusion 
texture (long-strip-like α-Mg matrix phase) and 
recrystallization fine-grain region (equiaxed β-Li 
matrix phase) [32,33]. 
 

 
Fig. 14 Schematic diagram illustrating precipitate 
evolution during extrusion 
 

With the increase of Zn and Gd contents, the 
volume fraction of the second phases increases 
obviously, and the size of the cracked second phase 
increases as well. The hollow-skeleton-like Mg3Gd 
phases have a large size of 10−20 μm. The size of 
the MgLiZn particles in the as-extruded alloys is 
small, about 1 μm, which is mainly dispersed in the 
β-Li phase. The solid solubility of Zn in the α-Mg 
phase is low, and more Zn is provided to the 
Mg−Li−Zn phase in the β-Li phase matrix for 
precipitation and growth [34]. The W-phase is 
mainly distributed along the grain boundary in the 
as-extruded alloy, which has a larger size (5−10 μm) 
than the MgLiZn phase by SEM analysis. A very 
fine spherical particle is found dispersed in the  
β-Li phase with a size of about 100 nm. After 
extrusion, the W-phase and MgLiZn particles are 
fully broken, while only a part of the hollow- 
skeleton-like Mg3Gd phases are broken [29]. 
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4.2 Strengthening mechanism in as-extruded 
Mg−Li−Zn−Gd alloys  
In this work, the mechanical properties of the 

as-extruded Mg−Li−Zn−Gd alloys with the Zn/Gd 
mass ratios of 2 and 4 are studied. The results show 
that the strength and plasticity of the alloys have 
been greatly improved after extrusion. With the 
increase of Zn and Gd contents, the YS and UTS of 
the as-extruded alloys increase. Besides, it is shown 
that ΔYS of the alloy with high Zn and Gd contents 
and high Zn/Gd mass ratio after hot extrusion 
deformation is greater than ΔUTS so that the 
material potential of the alloy can be fully exploited. 
The as-extruded Mg−8Li−8Zn−2Gd alloy exhibits 
the best mechanical properties with the YS of 
274 MPa, UTS of 283 MPa, and EL of 39.9%. The 
main strengthening mechanism of the as-extruded 
Mg−Li−Zn−Gd alloys is analyzed. 

Firstly, after extrusion deformation, fine 
equiaxed recrystallized grains are formed because 
of the dynamic recrystallization of β-Li, which 
results in fine grain strengthening [23−26,35]. 
Micron-size β-Li grains conform to the Hall–Petch 
relationship, which shows that as the grain size 
decreases, the strength of the alloy increases [35]. 
The recrystallized β-Li grains of Alloy IV are more 
uniform and finer, which provides a better grain- 
refinement strengthening effect. 

As seen in Fig. 3, the bi-modal structure 
consisting of the recrystallized fine-grain region 
and stretched coarse-grain region is formed after 
extrusion, which can also strengthen the alloy [33]. 
The stretched coarse grain (long-strip-like α-Mg 
matrix phase) with a strong extrusion texture has a 
good texture-strengthening effect [33]. Fine 
recrystallized grains (equiaxed β-Li matrix phase) 
acted as the lubricant between stretched coarse 
grains, which guarantees good ductility while 
improving strength [33]. 

Generally, the factors contributing to the YS of 
an Mg alloy mainly consist of the friction stress of 
pure Mg, solid-solution strengthening, precipitation 
strengthening, grain-refinement strengthening, and 
texture strengthening [32,33]. After extrusion, the 
concentration of solute and volume fraction      
of the second phase is almost the same as those   
of the as-cast alloy. Therefore, the fine-grained 
strengthening of recrystallized β-Li phase and 
texture strengthening of extruded α-Mg phase 
contribute greatly to the strength of the alloy. 

Secondly, it is concluded that with increasing 
the Zn and Gd contents in Mg−Li alloys, the 
number of the second phase increases, and the 
average size of the particle phase also increases. 
The strengthening effect of the second phase is 
related to the type, shape, size, quantity, and 
distribution of the second phase [28,29,34]. Most of 
the second phases are broken after extrusion, which 
has a very excellent dispersion-strengthening effect 
on the alloy. The Alloy IV with the largest number 
of the second phases has the best strengthening 
effect. 

The TEM observation in Fig. 7 shows that 
there are spherical particles with a size of only 
about 100 nm uniformly distributed in the β-Li 
matrix phase and the grain boundary. According  
to previous research, it can be inferred that      
the spherical particles might be MgLiZn      
phase [28,29,34]. The high-density spherical second 
phase particles distributed in the β-Li matrix phase 
can inhibit dislocation transfer and movement 
within the grains, which can strengthen the alloy 
matrix [30,31,34,36,37]. Both the W-phase and 
MgLiZn phase are effective strengthening phases  
in Mg−Li alloys [26]. The W-phase and MgLiZn 
particles with a size of several microns mainly 
distributed at the grain boundary can reinforce 
alloys by pinning the grain boundary and hindering 
dislocation motion [30,31]. Besides, the W-phase 
can promote recrystallization by regulating their 
morphology and size which have a significant effect 
on fine-grain and dispersion strengthening [30]. The 
irregular polygonal MgZn2 particles with an hcp 
structure have few slip systems and poor plasticity. 
As shown in Fig. 13(e), as a hard brittle phase, the 
large-sized MgZn2 phase is easy to become the 
crack source of the as-extruded alloys, which is bad 
for the plasticity and strength of the alloy. 
 
5 Conclusions 
 

(1) The as-cast and as-extruded Mg−Li−Zn− 
Gd alloys mainly consist of α-Mg, β-Li, W-phase, 
Mg3Gd, and MgLiZn phases. The addition of Zn 
and Gd could refine the α-Mg grains. Besides, with 
the increase of Zn and Gd, the number of the 
second phase increases. 

(2) After extrusion deformation, the bi-modal 
structure is formed, which consists of the stretched 
coarse-grain region (long-strip-like α-Mg phase) 
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and recrystallization fine-grain region (equiaxed 
β-Li phase). The W-phase and MgLiZn phase are 
fully broken after extrusion with a size of several 
microns. The spherical particles are found in the 
β-Li with a size of only about 100 nm. 

(3) The strength and plasticity of the alloys are 
greatly improved after extrusion. The YS and UTS 
of the as-extruded alloys increase with the increase 
of Zn and Gd contents. The Mg−8Li−8Zn−2Gd 
alloy exhibits the best mechanical properties with 
the YS of 274 MPa, UTS of 283 MPa, and EL of 
39.9%. 

(4) The main strengthening mechanisms of the 
as-extruded Mg−Li−Zn−Gd alloy are as follows: 
the bi-modal structure strengthening which consists 
of the fine crystal strengthening of recrystallized 
β-Li and texture strengthening of long-strip-like 
α-Mg, and the dispersion strengthening of the 
spherical particles and the broken second phases. 
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摘  要：研究 Zn 和 Gd 元素含量及其质量比对铸态和挤压态 Mg−8Li 合金显微组织和力学性能的影响。挤压     

后，析出相破碎。β-Li 中分散着粒径约 100 nm 的球形微粒。形成了由长条状 α-Mg 粗晶和再结晶 β-Li 细晶组成

的双峰结构。挤压后合金的强度和塑性显著提高，且屈服强度和极限抗拉强度随 Zn 和 Gd 含量的增加而增加。

Mg−8Li−8Zn−2Gd 合金表现出最优的综合性能，其屈服强度、极限抗拉强度和伸长率分别为 274 MPa、283 MPa

和 39.9%。挤压态合金主要强化机制为由 β-Li 的细晶强化和 α-Mg 的织构强化组成的双模态结构强化和析出相的

弥散强化。 

关键词：镁锂合金；挤压变形；双峰结构；弥散强化 
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