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Abstract: Microstructures and mechanical properties of LZ83−xY alloys containing I-phase and W-phase were investigated by XRD, 
OM, SEM and EDS. The experimental results show that the content of I-phase and W-phase changes by varying Zn/Y mass ratio in 
the LZ83−xY alloys. The cohesion of I-phase/α-Mg eutectic pockets can enhance the strength in the as-cast LZ83−0.5Y and 
LZ83−1.0Y alloys, while the W-phase has no obvious strengthening effect on the LZ83−1.5Y alloy. In the extruded alloys, the 
I-phase and W-phase were extruded into the particles with nanoscale size in the β-Li matrix phase. The dispersion strengthening of 
W-phase was more obvious because of the higher volume fraction. The ultimate tensile strength of extruded LZ83−1.5Y alloy is up 
to 238 MPa while the elongation is up to 20%. 
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1 Introduction 
 

Mg−Li alloy is one of the lightest and most 
recyclable structural materials, and it also possesses high 
specific strength and specific stiffness [1−3]. The density 
of Mg−Li alloys is about 1.35−1.65 g/cm3, lower by 1/4 
than AZ31 (1.77 g/cm3) and 1/3 than AZ91 (1.81 g/cm3) 
alloys [4,5]. Therefore, the application of Mg−Li alloys 
in the electrical appliances, automobiles and aerospace 
vehicles is drawing much attention from the 
environmental viewpoint [1,6−8]. 

According to the Mg−Li phase diagram, for Li 
content less than 5.5%, the Mg−Li alloy is comprised of 
a single α-Mg phase with HCP structure by Li dissolving 
in Mg. Just like other Mg alloys, the alloys with single 
HCP structure possess relatively high strength but poor 
plasticity. While Li content is more than 11.5%, the 
Mg−Li alloy exclusively consists of the BCC β-Li phase. 
These alloys have excellent formability and extra-low 
density, but exhibit low mechanical strength and poor 
corrosion resistance [6,9]. So, they are not applied in the 
industrial fields widely. Mg−Li alloys exhibit a 

two-phase microstructure for the 5.5%−11.5% Li content, 
consisting of α-Mg (HCP) and β-Li (BCC) phases at 
room temperature [9]. The existence of β-Li phase (BCC 
crystal structure) makes Mg−Li alloys possess higher 
elongation than other magnesium alloys. Moreover, the 
dual-phase Mg−Li alloys usually have better 
comprehensive mechanical properties than single phase 
alloys [10]. 

To further enhance the mechanical properties of 
Mg−Li alloys, alloying is one of the most commonly 
used methods. Addition of the most common alloying 
elements such as Al and Zn can lead to high strength 
through precipitation strengthening and solution 
hardening in Mg−Li base alloys [11,12]. The addition of 
Al to Mg−Li alloys improves the strength, but it causes 
elongation reduction [6,9]. The addition of Zn has 
similar effect in Mg−Li base alloys, but the deterioration 
of elongation is less serious than addition of Al [6]. 
Magnesium alloys containing rare earth (RE) elements 
such as yttrium are interesting as light structural material 
with high strength at both room and elevated 
temperatures. One possible composition would be an 
alloy with 8% Li (a mixture of α+β phases) that might  
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exhibit improved mechanical properties. Further 
improvement of mechanical properties is possible if the 
alloy is reinforced with zinc and a rare earth element, 
such as yttrium [10,13]. 

It has been shown that there are three kinds of 
ternary equilibrium phases in Mg−Zn−Y system: 
W-phase (Mg3Zn3Y2, cubic structure), I-phase (Mg3Zn6Y, 
icosahedral quasicrystal structure, quasi-periodically 
ordered) and Z-phase (Mg12ZnY, an 18R long period 
modulated structure) [14,15]. It has been observed that if 
Zn/Y mass ratio exceeds 4.38:1, the element Y would 
exist almost completely as I-phase [16,17]. The optimum 
Zn/Y ratio for the formation of two-phase microstructure 
consisting of α-Mg and I-phase is 5:1−7:1 in Mg   
alloys [18]. Previous work indicated that when Zn/Y 
ratio was lower than 1.10:1, element Y would almost 
fully exist in the form of W-phase [16,17]. When the 
Zn/Y ratio is between 1.10:1 and 4.38:1, the 
microstructure includes I-phase and W-phase 
simultaneously. Moreover, it has been reported that 
Mg−Zn−Y alloys containing thermally stable I-phase 
exhibit a significantly high level of yield strength and 
ductility at the ambient temperature [19]. The strength of 
Mg−Zn−Y alloys increases with increasing total solute 
content (Zn and Y), especially with increasing volume 
fraction of I-phase [19,20]. Due to the cubic structure of 
W-phase and the incoherency between W-phase and Mg 
matrix, the atomic bonding between W-phase and Mg 
matrix is very weak [14]. When the volume fraction of 
W-phase reaches 13.8% in as-cast Mg−Zn−Y−Zr alloy, 
the mechanical properties of the alloy will degrade [20]. 
Previous work [21] indicated that due to the finer net-like 
microstructure and the dispersion strengthening effect of 
W-phase after extrusion, the strength can be improved 
with the increase of W-phase. It is well known that 
during the tensile test, the secondary phases distributed at 
the grain boundaries can effectively retard the dislocation 
movement [10]. Though, it has been reported that Mg 
alloys containing I-phase or W-phase with a certain value 
as a secondary solidification phase exhibit good 
mechanical properties at room temperature as well as 
elevated temperatures [17,20,22]. However, review of 
the published literature shows that there is very limited 
information on the effect of I-phase and W-phase on the 
properties of as-cast and extruded Mg−Li alloys. 

In the current study, three Mg−Li alloys were 
designed with different Zn/Y ratios to determine the 
effect of I-phase and W-phase on the microstructure and 
mechanical behavior. As-cast and extruded alloys were 
studied in terms of microstructural evolution by optical 
and scanning electron microscope and X-ray diffraction. 
The mechanical properties were evaluated by the 

uniaxial tensile test. 
 

2 Experimental 
 

Pure Mg, pure Li, pure Zn and Mg−10Y master 
alloys were used to prepare the Mg−8Li−3Zn−xY 
(LZ83−xY) (x=0, 0.5, 1.0 and 1.5) ingots. The Mg was 
first loaded in a graphite crucible which was mounted in 
a resistance furnace under argon shield. Then, Mg was 
melted in the furnace at 993 K, followed by adding pure 
Li, pure Zn and Mg−10Y master-alloys into the Mg melt. 
The melt was maintained at 993 K for 30 min, and no 
stirring was used. At last, the melt was poured into a 
stainless steel mould (d60 mm×200 mm). After 
solidification, a homogenization treatment was carried 
out at 523 K for 12 h in a vacuum furnace to prepare the 
ingots for the deformation process. The oxide scale was 
removed by the numerical control lathe and cut to    
d48 mm prior to deformation. Finally, the LZ83−xY 
ingots were extruded at 523 K from d48 mm to      
d12 mm. The chemical composition of the alloys was 
measured by atomic absorption spectrometry as shown in 
Table 1. 
 
Table 1 Chemical composition of experiment alloy (mass 
fraction, %) 

Normal 
alloys

Nominal 
composition

Nominal
Zn/Y 
ratio 

Actual 
composition 

Actual 
Zn/Y 
ratio

I LZ83 − Mg−8.2Li−3.2Zn − 

II LZ83−0.5Y 6:1 Mg−8.3Li−3.1Zn−0.5Y 6.2:1

III LZ83−1.0Y 3:1 Mg−8.1Li−3.0Zn−1.1Y 2.7:1

IV LZ83−1.5Y 2:1 Mg−8.3Li−2.9Zn−1.6Y 1.8:1

 
Before the observation of the microstructure, the 

specimens were mounted by using the compression- 
mounting machine, followed by grinding to produce a 
plane surface with minimal scratches using silicon paper 
abrasive waterproof. Then, the specimens were polished 
to obtain a shiny surface. Finally, in order to reveal the 
details of the microstructures, etching process was done 
by 2% HNO3 alcohol etchant solution (volume fraction). 
Microstructure investigation of Mg−Li alloys was carried 
out by X-ray diffraction (XRD, D/MAX-IIIC X) and a 
scanning electron microscope (SEM,TESCAN VEGA2) 
with energy dispersive spectroscope (EDS). Phase 
analysis was determined by D/Max2500pc X-ray 
diffractometer (XRD) using monochromatic Cu Kα 
radiation. Tensile tests were performed on a CMT−5105 
(SANS Materials Analysis Inc., Shenzhen, China) tensile 
tester with a displacement speed of 0.5 mm/min at room 
temperature. 
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3 Result and discussion 
 
3.1Microstructure of as-cast LZ83−xY alloy 

The analysis results of the XRD patterns for 
different alloys are shown in Fig. 1. It is observed that 
the amount of each phase is dependent on the Zn/Y ratio. 
The main phases in the microstructure of LZ83 are β-Li, 
α-Mg and Mg7Zn3. By adding yttrium to LZ83 alloy and 
obtaining LZ83−0.5Y alloy, the I-phase forms for the 
Zn/Y ratio of 6.2:1. I-phase and W-phase coexist in 
LZ83−1.0Y and LZ83−1.5Y alloys because the Zn/Y 
ratios are 2.7:1 and 1.8:1, respectively. With the increase 
of the Y content, the diffraction peaks of the I-phase 
become weaker and the amount of the W-phase increases. 
The low intensity of the peaks for I-phase and W-phase 
in these two alloys might be due to the low amount of the 
phases. 

Figure 2 shows the SEM micrographs of the alloys. 
The microstructures of as-cast samples present dual 
phase, the β-Li matrix phases and the irregular α-Mg 
phases, respectively. The phase size of α-Mg is not 
uniformly distributed from ~30 to 150 μm. In Fig. 2(a),  

 

 
Fig. 1 XRD patterns of alloys: (a) LZ83; (b) LZ83−0.5Y;    
(c) LZ83−1.0Y; (d) LZ83−1.5Y 
 
there is no apparent precipitated phase observed in the 
microstructure of LZ83 alloy. It has been reported [5,13] 
that I-phase could form as interdendritic eutectic pockets 
with α-Mg. I-phase can also form at the boundary of 
α-Mg phase and β-Li matrix. This may suggest that   
the I-phase first nucleates along the grain boundaries and  

 

  
Fig. 2 SEM images of as-cast LZ83−xY alloy: (a) LZ83; (b) LZ83−0.5Y; (c) LZ83−1.0Y; (d) LZ83−1.5Y 
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then begins to grow into the matrix while the solute 
diffuses during or after solidification [19]. Therefore, 
I-phase can be determined by considering its morphology 
and location. In Fig. 2(b), some primary point-like 
I-phases are observed; due to low amounts of Zn and Y, 
large areas of I-phase/α-Mg eutectic pockets could not 
form. It has been observed that W-phase can exist at the 
phase boundaries or the ends of I-phase [16,19]. I-phase 
tends to form at the triple junctions of grain boundaries, 
whereas W-phase preferentially forms at the 
intergranular boundaries, which is an easy way to 
distinguish W-phase from I-phase. Some W-phases 
preferentially form at the α-Mg/β-Li phase interfaces, 
referring to Fig. 2(c). With the increasing amount of Y, 
while the Zn/Y ratio is about 1.8:1, more W-phase forms 
but I-phase decreases significantly, as observed in Fig. 
2(d). It is not easy to find I-phase because of its low 
content. In Fig. 3, the microstructures of I-phase and 
W-phase are enlarged and the EDS results show that the 
white compound is mainly composed of Mg, Zn and Y. 
This confirms the existence, morphology and location of 
I-phase and W-phase. 

3.2 Microstructure of extruded LZ83−xY alloy 
Figure 4 shows the optical microstructures of 

extruded LZ83−xY alloys in both extrusion and 
transverse directions. After severe deformation, the α-Mg 
phase and β-Li phase are approximately parallel to the 
extrusion direction and exhibit elongated structure as 
shown in Figs. 4(b), (d), (e) and (f). The equiaxial β-Li 
grains are observed in the microstructure which formed 
via discontinuous dynamic recrystallization (DDRX) 
process [9]; the average diameters of the grains are about 
6.8, 10.0, 7.2 and 7.9 μm by line interception method for 
LZ83, LZ83−0.5Y, LZ83−1.0Y and LZ 83−1.5Y alloys, 
respectively. In Figs. 4(d) and (f), the dimension of α-Mg 
phases is not uniform after deformation by continuous 
dynamic recrystallization (CDRX), because the strong 
cohesion of I-phase can prevent the deformation of α-Mg 
phases and suppress the microstructural evolution [9,23]. 
During the extrusion process, the as-cast brittle I-phase 
and W-phase formed at the grain boundary were broken, 
providing the distribution of small particles with 
nanoscale size in the matrix as shown in Fig. 5. The 
small I-phase/α-Mg eutectic pockets in the as-cast alloy  

 

 

Fig. 3 SEM images (a, b) and EDS results (c, d) of I-phase and W-phase: (a, c) I-phase in LZ83−Y alloy; (b, d) W-phase in 
LZ83−1.5Y alloy 
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Fig. 4 Optical images of extruded LZ83−xY alloys in cross section (a, c, e, g) and longitudinal section (b, d, f, h): (a, b) LZ83;     
(c, d) LZ83−0.5Y; (e, f) LZ83−1.0Y; (g, h) LZ83−1.5Y 
 
were broken and more particles were distributed in β-Li 
phase during the extrusion since β-Li phase was softer 
compared with the α-Mg phase [10] as shown in     
Fig. 5(b). With the increasing amount of Y in 
LZ83−1.5Y alloy, more W-phase particles were 
dispersed in β-Li phase and the boundaries between 

α-Mg and β-Li phases. 
 
3.3 Room temperature mechanical properties 

The stress−strain curves of LZ83−xY alloys at room 
temperature are shown in Fig. 6. The ductility generally 
decreases as the strength increases and the apparent  
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Fig. 5 SEM images of extruded LZ83−xY alloy: (a) LZ83; (b) LZ83−0.5Y; (c) LZ83−1.0Y; (d) LZ83−1.5Y 
 

 
Fig. 6 Stress−strain curves of LZ83−xY alloys at room temperature: (a) As-cast alloy; (b) Extruded alloy 
 
stress drops sharply due to necking near the final fracture 
strain. Referring to Fig. 6(a), the elongation to failure (δ) 
of as-cast LZ83 alloy is about 44% and the ultimate 
tensile strength (σb) is 151 MPa; while for the as-cast 
Mg−8Li−3Al alloy, the strength is 142 MPa and the 
elongation is only 7% [10]. The mechanical properties 
are in good agreement with the conclusions of the 

previous study that the addition of Zn into Mg alloy has 
positive effects on the ductility [6]. It can be seen that 
adding Y can effectively improve the strength in both 
as-cast and extruded alloys. This may be contributed to 
formation of new compounds. Generally, elongation is 
low for alloys containing a large amount or large size of 
intermetallic particles since geometrically necessary 
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dislocations are formed in the region surrounding the 
hard particle, leading to decohesion from the matrix [24]. 
But the stability of I-phase can provide a large elongation 
with no void opening at the interface between the 
quasicrystalline particle and the α-Mg matrix in as-cast 
alloy [17,18]. As shown in Table 2, due to the pinning 
effect of I-phase particles in as-cast LZ83−0.5Y alloy, 
the ultimate tensile strength is about 163 MPa and the 
elongation is 23%, higher than those of Mg−8Li−3Al− 
1.0Y (LAY831, σb is 145.77 MPa, ε is 12%) [10]. A 
continuous stress−strain curve with no obvious yield 
point elongation in the as-cast LZ83−1.0Y alloys is 
observed. The I-phase and W-phase with finer net-like 
microstructure distributed at the grain boundaries can 
effectively retard the dislocation movement. 
Consequently, the strength of alloys can be improved 
with a certain amount of W-phase. The LZ83−1.5Y alloy 
presents a moderate combination in mechanical 
properties;  σb  reaches 175 MPa and ε is 23%. But 
after yielding, strength softening occurs, which is also 
observed for LZ83 alloy. So, the strengthening effect of 
W-phase is lower than I-phase in the as-cast alloys as 
observed in the previous studies [14,19,24]. 
I-phase-reinforced alloys (LZ83−0.5Y and LZ83−1.0Y) 
exhibit strain hardening all through the test. In the tensile 
test, a large number of quasicrystalline particles in the 
Mg−Li alloys can effectively prohibit microstructural 
evolution of the α-Mg phase during deformation [14]. 
When an alloy possesses I-phase as a second phase, it is 
stable against coarsening due to the low interfacial 
energy of the quasicrystals, providing improved bonding 
properties at I-phase/matrix interface [19]. So, the stable 
quasicrystalline particle/matrix interface provides a large 
elongation and continuous strain hardening with no void 
opening at the interface between the quasicrystalline 
particle and the matrix. 

Referring to Fig. 6(b) and Table 2, the mechanical 
properties of LZ83−xY alloys are raised substantially 
after extrusion due to grain boundary strengthening and 
dispersion strengthening of finely dispersed I-phase and 
W-phase particles [18]. The LZ83−1.5Y alloy possesses 
excellent σb (238 MPa), compared with as-extruded 
LAY831 (σb is 209.88 MPa) and LA83−1Ce−1Ca (σb is 
about 228 MPa) [10,25]. It can be seen that the I-phase 
improves the strength and the W-phase does not 
deteriorate the mechanical properties. It was reported 
that the α-Mg/I-phase eutectic pockets can supply the 
rigid bonding during the deformation in both as-cast and 
extruded alloys, because the I-phase always exists in 
α-Mg matrix such as in Mg−Zn−Y or Mg−Zn−Y−Zr 
alloys [19], so the I-phase can enhance the strength of 
Mg−Zn−Y alloys. During the extrusion of LZ83−xY 
alloys, the original morphology and structure of I-phase 
and W-phase were broken from micron-size to nanoscale 

size and most particles were extruded into the soft β-Li. 
The cohesion effect of I-phase in the as-cast alloy 
converts to dispersion strengthening in the extruded 
LZ83−0.5Y and LZ83−1.0Y alloys. The strength of 
extruded alloys depends on the fraction of I-phase and 
W-phase particles, so the strengthening effect of W-phase 
is more than that of I-phase in the extruded LZ83−xY 
alloys. This phenomenon is different from the previous 
analysis. The primary cause is that the existence zone of 
I-phase and W-phase changes from α-Mg phase into β-Li 
phase. So, the I-phase loses its advantage of 
strengthening and the strengthening effect of W-phase is 
more obvious because of its higher volume fraction. 
 
Table 2 Mechanical properties of LZ83−xY alloys 

As-cast As-extruded 
Alloy 

δ/% σs/MPa σb/MPa δ/% σs/MPa σb/MPa

LZ83 44 106 151  40 137 183 

LZ83−0.5Y 23 119 163  32 176 209 

LZ83−1.0Y 14 131 174  32 177 222 

LZ83−1.5Y 23 164 175  20 192 238 

 
4 Conclusions 
 

1) The microstructures of LZ83−xY alloys are 
mainly comprised of BCC β-Li, HCP α-Mg and Mg7Zn3 
phases and the fraction volumes of I-phase and W-phase 
are dependent on Zn/Y ratio. 

2) In as-cast LZ83−xY alloys, I-phase is mainly 
formed in α-Mg phase and α/β phase boundary with the 
form of I-phase/α-Mg eutectic pockets. The W-phase 
mainly precipitates continuously along α/β phase 
boundary. The as-cast LZ83 alloy exhibits high plasticity 
with a maximum elongation of 44% in tensile test at 
room temperature. I-phase can enhance the strength in 
as-cast LZ83−0.5Y and LZ83−1.0Y alloys, W-phase has 
no obvious strengthening effect on LZ83−1.5Y alloy. 

3) In the as-extruded LZ83−xY alloys, the I-phase 
and W-phase are broken into nanoscale particles and 
mainly disperse in β-Li matrix. The LZ83−1.5Y alloy 
possesses the excellent mechanical properties due to 
dispersion strengthening of W-phase, the σb is 238 MPa 
and δ is 20%. 
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摘  要：通过 XRD、OM、SEM 和 EDS 研究 I 相和 W 相对 LZ83−xY 镁合金显微组织和力学性能的影响。结果表

明：LZ83−xY 合金中 I 相和 W 相的含量变化与 Zn/Y 质量比有关。I/α-Mg 共晶包的结合力可以增强铸态 LZ83−0.5Y

和 LZ83−1.0Y 合金的强度，同时 W 相对 LZ83−1.5Y 镁合金没有明显的强化效果。在挤压态合金中，I 相和 W 相

被挤压成纳米颗粒弥散在 β-Li 基体中。由于 W 相的体积分数较高，其弥散强化效果更为明显。挤压态 LZ83−1.5Y

镁合金的极限抗拉强度达到 238 MPa，伸长率为 20%。 

关键词：Mg−8Li−3Zn 合金；I 相；W 相；力学性能；铸态组织 
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