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Abstract: The microstructure and corrosion behavior of the as-homogenized and as-extruded Mg−xLi−3Al−2Zn−0.5Y 
alloys (x=4, 8, 12, wt.%) were studied. The results show that as the Li content increases from 4% to 12%, the matrix 
transfers from single α-Mg phase, (α-Mg+β-Li) dual phase to single β-Li phase. A mixed corrosion feature of 
intergranular corrosion and pitting corrosion occurs in the Mg−4Li−3Al−2Zn−0.5Y and Mg−12Li−3Al−2Zn−0.5Y 
alloys. The former is related to the precipitated AlLi phase along the grain boundaries, and the latter is related to the 
high potential difference between the second phase and the matrix. The corrosion resistance of the as-extruded alloys is 
better than that of the as-homogenized alloys. The superior corrosion resistance of the as-extruded Mg−8Li−3Al− 
2Zn−0.5Y alloy with the lowest corrosion rate (PW=(0.63±0.26) mm/a) is attributed to the more uniform distribution of 
second phases, the protective α-Mg phase via sacrificing the β-Li phase and the relatively integrated oxide film. 
Key words: Mg−xLi−3Al−2Zn−0.5Y alloys; microstructure; corrosion behavior; homogenization; extrusion; second 
phase; oxide film 
                                                                                                             
 
 
1 Introduction 
 

Because of the high specific strength, specific 
stiffness, excellent machining performance and 
good damping capacity, Mg−Li alloys as the 
lightest structure materials can be widely used in 
the military, aerospace, anode materials and 
biological fields. The addition of Li element can 
weaken the c/a ratio of Mg lattice and change the 
crystal structure from hexagonal close packed (HCP) 
to body centered cubic (BCC), therefore improving 
the deformation ability of Mg alloys [1−3]. 
However, the high chemical activities of Mg and Li 
elements accelerate the inner corrosion of Mg−Li 
alloys, therefore limiting the development and 
practical application of Mg−Li based alloys [4,5]. 

The microstructure of Mg alloys plays a 

significant role in corrosion resistance, such as the 
elemental distribution, grain size, type and size of 
second phases. Generally, the methods for 
improving the corrosion resistance of Mg−Li alloys 
include alloying and plastic deformation. Al is the 
common alloying element. Its addition increases the 
hydrogen evolution overpotential and inhibits the 
corrosion of alloys [6]. It was reported that dense 
and compact corrosion products were formed on the 
corrosion surface of Mg−Li alloys containing high 
Al element, and further restrained the occurrence of 
corrosion [7]. Besides, a small amount of Zn 
element with a relatively high standard electrode 
potential (−0.76 V, vs SHE), rarely forming a 
second phase with the other elements in Mg−Li−Al 
alloy, is beneficial to the potential of the matrix [8]. 
An appropriate addition of yttrium (Y), as the 
commonly added rare earth element (RE), can 
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improve the corrosion resistance of Mg alloys [9−11]. 
XU et al [12] investigated the corrosion behavior of 
Mg−10.95Li−3.29Al−0.59Y−0.19Zr with a single 
β-Li matrix. They found that this alloy possessed 
excellent corrosion resistance. Hot extrusion can 
refine the microstructure and grain size, thus 
decreasing the corrosion rate of Mg−Li alloys [13]. 

There are several reports about the effect of Li 
content on the corrosion resistance of Mg−Li based 
alloys. Some reports [8,14,15] indicated that the 
corrosion resistance decreased in the following 
order: α-Mg+β-Li alloy, α-Mg alloy, and β-Li alloy. 
LI et al [16] suggested that the β-Li alloy displayed 
the lowest corrosion rate followed by the α-Mg 
alloy, and the α-Mg+β-Li alloy possessed the 
largest corrosion rate. LIU et al [17] found that the 
corrosion rate increased in the order of β-Li > 
α-Mg+β-Li alloy > α-Mg alloys. The differences 
about the influence of Li content on the corrosion 
resistance of Mg alloys is attributed not only to the 
Li content, but also to the elemental distribution, 
type and size of second phases, and the property of 
oxide film, and so on. 

In this work, Mg−xLi−3Al−2Zn−0.5Y alloys 
(x=4, 8, 12) were prepared using vacuum melting 
method, then homogenized and hot extruded. The 
influence of Li content on the microstructure and 
corrosion behavior was analyzed, including the type 
and size of the formed second phases, and the oxide 
film. 
 
2 Experimental 
 

Pure Mg (99.9 wt.%), pure Li (99.9 wt.%), 
pure Al (99.9 wt.%), pure Zn (99.9 wt.%) and 
Mg−20 wt.%Y master alloy were used as raw 
materials. A vacuum induction furnace with the 
protection of pure argon gas was used to melt these 
metals at 730 °C for 10 min. Then, the melts were 
poured into a stainless steel mold with a diameter of 
68 mm. After being cooled to room temperature, the 

as-cast ingots were obtained. The actual chemical 
compositions and density of the as-cast 
LAZx32-0.5Y (x=4, 8, 12, wt.%) alloys (Table 1) 
were tested by inductively coupled plasma atomic 
spectroscopy (ICP-AES, Perkin Elmer Plasma−400) 
and Archimedes method, respectively. Then these 
ingots were homogenized at 350 °C for 4 h, and the 
as-homogenized samples were obtained. After the 
surface oxide film was removed, these 
homogenized samples were heated at 275 °C for 
20 min, and then hot extruded with an extrusion 
ratio of 16:1. The extruded bar (as-extruded sample) 
with a diameter of 15 mm was obtained. 

The phase identification was carried out using 
an X-ray diffractometer (XRD, D/Max 2500) with 
Cu Kα radiation and a scanning rate of 4 (°)/min in 
the 2θ range of 20°−80°. The microstructures of the 
samples were observed with a scanning electron 
microscope (SEM, Quanta−200) equipped with an 
energy dispersive spectroscope (EDS). 

The immersion and electrochemical tests were 
performed in a 3.5% NaCl solution at room 
temperature. The hydrogen evolution test was 
conducted using a fishing-line method, similar to 
Ref. [18], and the released hydrogen gas was 
recorded at a regular immersion interval. After 
immersing for 7 d, the surface corrosion products 
were removed using 180 g/L chromic acid solution. 
After being cleaned with alcohol and dried with a 
cool wind, the mass loss change was obtained and 
the corrosion morphology after removing the 
corrosion products was observed using SEM. The 
potentiodynamic polarization curves were measured 
on an IM6ex electrochemistry workstation using a 
classical three electrode cell (samples as working 
electrode, saturated calomel electrode (SCE) as 
reference electrode and Pt sheet as counter 
electrode). The tested samples were inset using 
resin with an exposed area of 10 mm2, and the 
scanning rate was set at 1 mV/s and the scanning 
potential ranged from −1.95 V to −1.30 V (vs SCE). 

 
Table 1 Actual chemical compositions and density of as-cast LAZx32-0.5Y (x=4, 8, 12) alloys 

Alloy Density/(g·cm−3) 
Actual composition/wt.% 

Li Al Zn Y Fe Mg 

LAZ432-0.5Y 1.631 4.05 3.08 2.27 0.35 0.0033 Bal. 

LAZ832-0.5Y 1.532 7.73 3.53 2.09 0.45 0.0051 Bal. 

LAZ1232-0.5Y 1.365 12.3 3.35 2.12 0.63 0.0039 Bal. 
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3 Results 
 
3.1 Microstructure 

Figure 1 displays the XRD patterns of the 
as-homogenized and as-extruded LAZx32-0.5Y 
alloys (x=4, 8, 12). The as-homogenized and 
as-extruded LAZ432-0.5Y alloys are mainly 
composed of α-Mg, AlLi and Al2Y phases (see 
Table 2). In addition to the three phases, two kinds 
of β-Li and MgLi2Al new phases are detected when 
the Li content increases to 8%. As the Li content 
increases to 12%, the diffraction peaks of α-Mg 
phase disappear and the as-homogenized and 
as-extruded LAZ432-0.5Y alloys mainly consist of 
β-Li, AlLi, Al2Y and MgLi2Al phases. According to 
the binary Mg−Li phase diagram [19], when the Li 
content is less than 5.7%, the matrix of Mg−Li alloy 
is α-Mg phase with HCP structure. When the Li 
content exceeds 10.3%, the matrix transforms into 
 

 
Fig. 1 XRD patterns of as-homogenized and as-extruded 
LAZx32-0.5Y alloys (x=4, 8, 12) 
 
Table 2 Phases of as-homogenized and as-extruded 
LAZx32-0.5Y (x=4, 8, 12) alloys 

Alloy State Phases 

LAZ432-0.5Y 
As-homogenized α-Mg, AlLi, Al2Y 

As-extruded α-Mg, AlLi, Al2Y 

LAZ832-0.5Y 
As-homogenized α-Mg, β-Li, AlLi, 

Al2Y, MgLi2Al 

As-extruded α-Mg, β-Li, AlLi, 
Al2Y, MgLi2Al 

LAZ1232-0.5Y 
As-homogenized β-Li, AlLi, Al2Y, 

MgLi2Al 

As-extruded β-Li, AlLi, Al2Y, 
MgLi2Al 

β-Li phase with BCC structure. When the Li 
content is 5.7%−10.3%, the matrix is composed of 
(α-Mg+β-Li) diphase structure. The XRD results 
are consistent with the rule of binary Mg−Li phase 
diagram. Besides, the diffraction peaks of AlLi and 
Al2Y phases exist in these six alloys, where the 
peak intensity of AlLi phase is relatively weak. 
Meanwhile, the diffraction peak of MgLi2Al phase 
appears in the as-homogenized/as-extruded 
LAZ832-0.5Y and LAZ1232-0.5Y alloys, while the 
peak intensity of as-homogenized LAZ832-0.5Y 
alloy is relatively weak. 

Figure 2 shows the SEM images of as- 
homogenized and as-extruded LAZx32-0.5Y alloys 
(x=4, 8, 12). The matrix of the as-homogenized 
LAZ432-0.5Y alloy is light grey α-Mg, and some 
filamentous and irregular white phases are 
discontinuously distributed along the grain 
boundaries. According to Ref. [20], the filamentous 
AlLi phase can exist in the Mg−Li alloy in the form 
of eutectic combined with α-Mg phase. The 
as-homogenized LAZ432-0.5Y alloy mainly 
consists of light grey blocky α-Mg and deep grey 
β-Li phase. In the magnified image of Fig. 2(b), 
some irregular bright particles are distributed in the 
α-Mg and β-Li phases. The matrix of the 
as-homogenized LAZ1232-0.5Y alloy is deep grey 
β-Li phase. Relatively big irregular bright particles 
are discontinuously precipitated along the grain 
boundaries, and deep grey fine granular particles 
mainly within the grains. Similar to the 
as-homogenized alloys, as the Li content increases 
from 4% to 12%, the matrix of the as-extruded 
LAZx32-0.5Y alloys transfers from single α-Mg 
phase, (α-Mg+β-Li) dual phase to single β-Li phase. 
In the as-extruded LAZ432-0.5Y alloy, irregular 
bright phases are broken into fine particles and 
distributed along the extrusion direction. The light 
grey block-like α-Mg phases in the as-extruded 
LAZ832-0.5Y alloy are elongated along the 
extrusion direction, and a lamellar microstructure is 
formed. In the magnified image of Fig. 2(e), grey 
tiny particles are discontinuously distributed along 
the grain boundaries of β-Li phase in the 
as-homogenized LAZ1232-0.5Y alloy. In the 
as-homogenized and as-extruded LAZ1232-0.5Y 
alloys, submicron dark grey globular particles are 
discontinuously distributed in the β-Li phase. 

The elemental distribution maps of the 
as-homogenized and as-extruded LAZx32-0.5Y 
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(x=4, 8, 12) alloys are shown in Figs. 3 and 4, 
respectively. For the as-homogenized LAZ432-0.5Y 
alloy, the eutectic discontinuously distributed along 
the grain boundary is enriched in Al element. 
Combined with the previous analysis, the 
filamentous phase can be identified as AlLi phase. 
Few irregular bright particles (approximately 2 μm) 
are mainly composed of Al and Y, inferred as Al2Y 
phase. Combined with the XRD results, in the 
as-extruded LAZ832-0.5Y alloy, most Al2Y 

particles are distributed along the phase boundaries 
between the α-Mg and β-Li phases, and the fine 
dark grey rich-Al particles in the β-Li matrix (the 
size below 1 μm) are considered as AlLi phase. In 
the as-homogenized LAZ1232-0.5Y alloy, the 
bright particles (2−5 μm in diameter) distributed in 
the grains and discontinuously distributed along the 
grain boundaries are mainly composed of Al 
element, inferred as AlLi phase. The grey tiny 
particles along the grain boundaries of β-Li phase 

 

 

Fig. 2 SEM images of as-homogenized (a) and as-extruded (b) LAZ432-0.5Y alloys, as-homogenized (c) and 
as-extruded (d) LAZ832-0.5Y alloys, and as-homogenized (e) and as-extruded (f) LAZ1232-0.5Y alloys 
 

 
Fig. 3 EDS elemental mappings of as-homogenized LAZx32-0.5Y alloys (x=4, 8, 12) 
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Fig. 4 EDS elemental mappings of as-extruded LAZx32-0.5Y alloys (x=4, 8, 12) 
 
are MgLi2Al phase, which is generally precipitated 
from the β-Li phase during heat treatment or hot 
extrusion. No Zn-containing phase can be found in 
the three as-homogenized alloys from the XRD 
patterns. Therefore, Zn atoms exist in the form of 
solid solution, which is mainly attributed to the high 
solubility of Zn in Mg and Li [21]. 

In the as-extruded LAZx32-0.5Y (x=4, 8, 12) 
alloys, amounts of broken finer bright particles are 
discontinuously distributed along the extrusion 
direction, and the corresponding EDS elemental 
mappings indicate that these phases are enriched in 
elements Al and/or Y. Combined with the XRD 
results, these broken particles are AlLi and/or Al2Y 
phases. In the as-extruded LAZ832-0.5Y and 
LAZ1232-0.5Y alloys, nondirectional submicron 
grey particles are dispersedly distributed along the 
grain boundaries of β-Li phase and enriched in Al 
element. Combined with the XRD results and 
Ref. [22], they can be identified as MgLi2Al ternary 
phase. The difference of MgLi2Al and AlLi phase in 
Fig. 4(c) is that the brightness of the former is 
slightly higher than that of the latter, and the size of 
the former is much smaller than that of the latter. 
 
3.2 Corrosion behavior 

Figure 5 shows the hydrogen evolution and 
mass loss rates of the as-homogenized and 
as-extruded LAZx32-0.5Y alloys (x=4, 8, 12) 
immersed in 3.5% NaCl solution for 7 d. From  
Figs. 5(a) and (b), the released hydrogen volume 
increases with the immersion time. The 
LAZ1232-0.5Y alloy display the highest hydrogen 

evolution and mass loss rates, and the LAZ432- 
0.5Y alloy keeps lower hydrogen evolution and 
mass loss rates. The released hydrogen gas and 
mass loss rate of the LAZ832-0.5Y alloys are the 
lowest among these Mg alloys with different Li 
contents. Generally, the hydrogen volume can be 
used to reflect the dissolution rate of Mg and its 
alloys and to evaluate the corrosion rate, because 
the released hydrogen gas is produced by the 
cathode hydrogen evolution reaction (HER) [16]. 
Therefore, a higher hydrogen volume rate means a 
higher corrosion rate in Mg and its alloys. As a 
whole, the corrosion resistance of those six alloys 
decreases as follows: as-extruded LAZ832-0.5Y > 
as-homogenized LAZ832-0.5Y > as-extruded 
LAZ432-0.5Y > as- homogenized LAZ432-0.5Y > 
as-homogenized LAZ1232-0.5Y > as-extruded 
LAZ1232-0.5Y. The mass loss rate can directly 
reflect the corrosion rate of Mg and its alloys. 
According to Fig. 5(c), the sequence of corrosion 
rate is consistent with the corrosion rate generated 
by hydrogen evolution rate. The as-homogenized 
and as-extruded LAZ832-0.5Y alloys show 
relatively lower mass loss rates of (1.01±0.05) and 
(0.26±0.11) mg·cm–2·d–1, respectively. 

The potentiodynamic polarization curves are 
composed of cathodic branch and anodic branch 
(see Fig. 6). The former is related to the hydrogen 
evolution reaction of hydrated protons on the 
surface of electrode, and the latter is related to the 
anodic dissolution of Mg alloys. The cathodic 
corrosion current density (Jcorr) values fitted from 
the cathodic branch are listed in Table 3. The Jcorr  
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Fig. 5 Hydrogen evolution rate (a, b) and mass loss   
rate (c) of as-homogenized and as-extruded LAZx32- 
0.5Y alloys (x=4, 8, 12) immersed in 3.5% NaCl solution 
for 7 d 
 
values of the six alloys increase in the order: 
as-extruded LAZ832-0.5Y < as-homogenized 
LAZ832-0.5Y < as-extruded LAZ432-0.5Y < 
as-homogenized LAZ432-0.5Y < as-homogenized 
LAZ1232-0.5Y < as-extruded LAZ1232-0.5Y. 
Generally, a lower Jcorr value indicates a better 
corrosion resistance [23,24]. Therefore, the order  

of corrosion resistance of these alloys is in 
accordance with the hydrogen evolution and weight 
loss results. 
 

 
Fig. 6 Potentiodynamic polarization curves of as- 
homogenized and as-extruded LAZx32-0.5Y alloys (x=4, 
8, 12) at OCPs 
 

Figure 7 shows the corrosion morphologies of 
the as-homogenized and as-extruded LAZx32-0.5Y 
alloys (x=4, 8, 12) immersed in 3.5% NaCl solution 
for 7 d after removing the corrosion products. For 
the as-homogenized alloys, the corrosion surface of 
the as-homogenized LAZ432- 0.5Y is uneven, and 
amounts of large-scale corrosion pits exist in the 
grains. In the magnified image (Fig. 7(a2)), the 
α-Mg phase adjacent to the eutectic along the grain 
boundaries is preferentially dissolved, and rather 
deep gullies are formed. Amounts of blocky α-Mg 
particles are exposed to the surface of the as- 
homogenized LAZ832-0.5Y alloy. The magnified 
image (Fig. 7(c2)) shows that the α-Mg phase 
adjacent to the large-scale second phase and the 
β-Li adjacent to the α-Mg phase are preferentially 
corroded. In Figs. 7(e1) and (f1), severe corrosion 
occurs in the as-homogenized and as-extruded 
LAZ1232-0.5Y alloys, and obvious corrosion pits 
and continuous gullies can be observed. In the 
magnified images (Figs. 7(e2) and (f2)), high- 
density corrosion pits with rough surface occur in 
the grains. Besides, the tiny globular MgLi2Al 
particles are still attached on the corrosion pits of 
the as-extruded LAZ1232-0.5Y alloy (Fig. 7(f2)). 
The corrosion mechanism of the as-homogenized/ 
as-extruded LAZ432-0.5Y and LAZ1232-0.5Y 
alloys is a mixture of pitting corrosion and 
intergranular corrosion. This localized selective 
corrosion along the grain boundaries is called  
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Table 3 Tafel fitted results from potentiodynamic polarization curves 
Alloy State φcorr(vs SCE)/V Jcorr/(μA·cm–2) βc/(mV·decade−1) 

LAZ432-0.5Y 
As-homogenized −1.609 64.5 –217 

As-extruded −1.587 64.1 –266 

LAZ832-0.5Y 
As-homogenized −1.574 44.1 –206 

As-extruded −1.585 31.9 –175 

LAZ1232-0.5Y 
As-homogenized −1.640 70.7 –193 

As-extruded −1.570 109 –225 

 

 
Fig. 7 Corrosion morphologies of samples after immersing in 3.5% NaCl solution for 7 d and removing corrosion 
products: (a1, a2, b1, b2) As-homogenized and as-extruded LAZ432-0.5Y; (c1, c2, d1, d2) As-homogenized and 
as-extruded LAZ832-0.5Y; (e1, e2, f1, f2) As-homogenized and as-extruded LAZ1232-0.5Y  
 
intergranular corrosion, and it occurs when the 
corrosion rate of the grain boundaries exceeds that 
of the grains. Intergranular corrosion generally 
occurs in stainless steel [25,26] and wrought Al 
alloys [27,28], but rarely in Mg alloys [8] due to the 
negative standard electrode potential of Mg (−2.73 
V, vs SHE). It is reported that the AlLi phase 
possesses a more negative surface potential than the 
BCC-structure Mg [7,29], thus the AlLi phase 
distributed along the boundaries is corroded prior to 
the matrix. Relatively uniform corrosion occurs in 
the as-extruded LAZ832-0.5Y alloy, elongated 
α-Mg phase along the extrusion direction is naked 
on the corrosion surface, and the surrounding β-Li 

matrix is preferentially dissolved. The magnified 
image (Fig. 7(d2)) reveals that slight corrosion 
occurs along the phase boundaries of α-Mg matrix, 
while the depth of gullies formed in the β-Li matrix 
is much larger than that of the former. Hence, the 
main corrosion of the as-homogenized 
LAZ832-0.5Y alloy is pitting corrosion, while that 
of the as-extruded LAZ832-0.5Y alloy is a mixture 
of pitting corrosion and intergranular corrosion. 
Figure 8 shows the morphologies of the corrosion 
products of as-homogenized and as-extruded 
LAZx32-0.5Y alloys (x=4, 8, 12) immersed in 3.5% 
NaCl solution for 7 d. The corrosion surface of  
the as-extruded LAZ832-0.5Y is relatively smooth, 
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Fig. 8 Morphologies of corrosion products after immersing in 3.5% NaCl solution for 7 d: (a, b) As-homogenized and   
as-extruded LAZ432-0.5Y; (c, d) As-homogenized and as-extruded LAZ832-0.5Y; (e, f) As-homogenized and         
as-extruded LAZ1232-0.5Y 
 
while amounts of corrosion products cover on the 
surface of the other alloys and some cracks exist in 
the corrosion products of all alloys. 
 
4 Discussion 
 

For Mg−Li alloys, the Li content has a 
significant influence on the phase components. As 
analyzed above, 4% Li addition leads to a single 
α-Mg matrix, 12% Li a single β-Li matrix and 8% 

Li an (α-Mg+β-Li) diphase matrix in the Mg−Li 
based alloys. In Y-containing Mg−Li−Al alloys, the 
Al2Y phase precipitates in the matrix because of the 
relatively large electronegativity difference between 
Al and Y than the other elements (such as Mg and 
Li) [30]. 

In the as-homogenized LAY432-0.5Y alloy, a 
large amount of AlLi phase is discontinuously 
precipitated along the grain boundaries in the form 
of eutectic. Therefore, discontinuously distributed 
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AlLi phase can be found along the grain boundaries 
of the as-homogenized LAZ432-0.5Y and 
LAZ1232-0.5Y alloys. In the as-homogenized 
LAY432-0.5Y and LAY1232-0.5Y alloys, irregular 
Al2Y phase is mainly distributed in the grains. But 
in the as-homogenized LAY832-0.5Y alloy, Al2Y 
phase is mainly distributed along the phase 
interface between the α-Mg and β-Li phases. 
MgLi2Al ternary phase generally precipitates from 
the β-Li phase during heat treatment or 
hot-extrusion process [22]. In Figures 2(b)−(f), fine 
granular MgLi2Al exists in the β-Li matrix of the 
as-homogenized/as-extruded LAY832-0.5Y and 
LAY1232-0.5Y alloys. 

For the as-homogenized alloys, the Li content 
changes the phase components. Relatively large- 
scale irregular Al2Y and AlLi phases exist in the 
three kinds of alloys with different Li contents. AlLi 
phase is mainly distributed along the grain 
boundaries of the matrix. Besides, MgLi2Al phase 
only exists in the as-homogenized/as-extruded 
LAY832-0.5Y and LAY1232-0.5Y alloys. After hot 
extrusion, the phase type has no obvious change 
according to the XRD results, while the size and 
volume fraction are different. For the as-extruded 
alloys, the Al2Y and AlLi phases are crashed into 
smaller size, and the blocky α-Mg phase of the 
LAY832-0.5Y alloy is elongated along the 
extrusion direction. 

The poor corrosion resistance of Mg and its 
alloys is mainly attributed to the negative potential 
and non-protective oxide/hydroxide film [31]. For 
Mg alloys, the microstructure plays a significant 
role in the corrosion behavior, including second 
phase, elemental distribution and texture. Generally, 
potential difference between the second phase and 
the Mg matrix can be formed. According to the 
electrochemistry theory, galvanic corrosion will 
occur because the two phases have potential 
difference in solution. Cathode may be precipitates, 
impurities in Mg alloy or other metals in contact 
with Mg in the electrolyte. As well known, the 
standard electrode potential of Li (−3.02 V, vs SHE) 
is more negative than that of Mg (−2.37 V, vs SHE), 
and thus the chemical activity of Li is higher than 
that of Mg. In dual phase Mg−Li alloys, the 
chemical activity of β-Li phase is higher than that 
of α-Mg phase because of the higher Li content in 
the β-Li phase than in the α-Mg phase. Hence, 
micro-galvanic corrosion occurs because of the 

potential difference between the α-Mg and β-Li 
phases, and the β-Li phase as the micro cathode is 
preferentially dissolved. In Figs. 7(a2)−(c2), the 
α-Mg phase near the Al2Y particles is preferentially 
corroded, and thus the surface potential of Al2Y 
phase is higher than that of α-Mg phase. Combined 
with the previous reports [7,29], we can get that the 
surface potentials decrease in the order: Al2Y, 
α-Mg > β-Li, and AlLi. Besides, it is reported that 
the MgLi2Al ternary phase possesses a higher 
surface potential than the β-Li phase. Therefore, in 
Mg−Li alloys containing β-Li phase, the large 
potential difference between the MgLi2Al and β-Li 
phases induces a micro-galvanic corrosion and the 
MgLi2Al phase acts as the micro cathode. Zn has a 
higher standard electrode potential (–0.76 V, vs 
SHE) than Al (–1.67 V, vs SHE). In this work, Zn 
atoms are mainly dispersed in the matrix in the 
form of solid solution, which is beneficial to 
improving the potential of the matrix. 

Figure 9 shows the corrosion rates (PH, PW, PJ, 
mm/a) calculated by formulas in Refs. [32−34] 
from hydrogen evolution, mass loss rate and 
cathodic corrosion current density. According to the 
corrosion rates, the corrosion resistance of the six 
alloys can be ranked in an decreasing order as: 
as-extruded LAZ832-0.5Y > as-homogenized 
LAZ832-0.5Y > as-extruded LAZ432-0.5Y > 
as-homogenized LAZ432-0.5Y > as-homogenized 
LAZ1232-0.5Y > as-extruded LAZ1232-0.5Y alloy. 
The as-homogenized/as-extruded LAZ1232-0.5Y 
alloys with the highest Li content display a larger 
corrosion rate, and the dual phase LAZ832-0.5Y  
 

 
Fig. 9 Corrosion rates (PW, PH, PJ) of as-homogenized 
and as-extruded LAZx32-0.5Y (x=4, 8, 12) alloys 
according to mass loss rate, hydrogen evolution and 
cathodic corrosion current density 
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alloys possess a smaller corrosion rate. Among 
them, the corrosion resistance of the as-extruded 
LAZ832-0.5Y alloy is the best (PW=(0.63±0.26) 
mm/a). 

Al2Y and AlLi phases exist in all tested alloys, 
and micro-galvanic corrosion easily occurs at the 
interface between the second phases and the matrix. 
Especially, the AlLi phase with a more negative 
potential has a negative impact on the corrosion 
resistance of Mg−Li alloys, and the relatively large 
potential difference between the large-scale Al2Y 
phase and the matrix accelerates the corrosion 
process. As for the dual phase Mg−Li alloy, the 
surface potential of α-Mg is between those of the 
Al2Y and β-Li phases, and thus can weaken the 
potential difference of Al2Y and β-Li phases. 
Besides, the β-Li phase is preferentially dissolved, 
and the blocky α-Mg phase with high volume 
fraction retains in the matrix. Therefore, the 
corrosion resistance of the alloy can be improved 
through sacrificing the β-Li phase to protect the 
α-Mg phase. The corrosion resistance of the 
as-extruded LAZ432-0.5Y and LAZ832-0.5Y alloys 
is higher than that of the corresponding 
as-homogenized alloys, which is related to the size 
and distribution of second phases. In the 
as-homogenized alloys, large scale second phases 
would induce severe micro-galvanic corrosion 
because of a large electrochemical inhomogeneity 
of alloys. After hot extrusion, finer and more 
uniform distribution of second phases in the 
LAZ432-0.5Y and LAZ832-0.5Y alloys is 
beneficial to the improvement of whole 
electrochemical homogeneity. However, the 
corrosion rate of the as-homogenized 
LAZ1232-0.5Y alloy is higher than that of 
as-extruded one, which is related to the more 
precipitated tiny MgLi2Al particles from the β-Li 
phase and the residual stress after hot extrusion. In 
Fig. 7(f2), the large potential difference between the 
MgLi2Al and β-Li phases induces micro-galvanic 
corrosion, and more MgLi2Al particles deteriorate 
the dissolution of β-Li phase. It is reported that 
amounts of sub-grains are easily found in the β-Li 
phase although dynamic recrystallization (DRX) 
occurs in the β-Li phase because the stacking 
faulting energy of Mg is lower than that of Li 
[22,35,36]. Therefore, the dislocations on the 
sub-grain boundaries would accelerate the anode 
dissolution of the matrix [37]. 

The surface oxide film property of Mg and its 
alloys also has an important effect on the corrosion 
behavior. The stability and protectiveness of surface 
oxide covered on the metals mainly depend on the 
standard enthalpy of relevant compounds, 
Pilling-Bedworth ratio (PBR) and solubility in 
solution [8,38,39]. Among them, the standard 
enthalpy of relevant compounds indicates the 
chemical stability. More negative standard enthalpy 
has greater tendency of compound formation. The 
PBR value can describe the property and 
compactness of the surface oxide film on metals. 
When the PBR value is below 1 or beyond 2, 
relatively small tensile stress or great compressive 
stress is generated on the surface oxide film, and 
loose or cracked oxide film is not conducive to the 
protection of the internal metal. When the PBR 
value is in the range of 1−2, the appropriate 
compressive stress between the oxide film and 
metal is beneficial to inhibiting further corrosion. 
For the formed oxide film, the stability is closely 
connected to the solubility in solution. When the 
solubility of compound in solution is large, the 
compound easily dissolved in water is harmful to 
the protectiveness of inner metal. 

The alloy surface of Mg−Li alloys with higher 
chemical activities can naturally react with oxygen 
in air, and oxides of magnesium and lithium are 
formed. The PBR values of MgO and Li2O are 0.8 
and 0.57 (<1), respectively [38], and thus the loose 
structure of oxide film promotes the permeation of 
solution in the inner. Meanwhile, the oxides react 
with water and/or carbon dioxide, and 
corresponding carbonic acid and/or hydroxides are 
formed. Among them, the standard enthalpy of 
Li2CO3 is more negative than that of Li2O, and the 
formation tendency of Li2CO3 is larger. The PBR 
values of Li2CO3 and LiOH generated by chemical 
reaction and electrochemical reaction are 1.26 and 
1.35 (in the range of 1−2), respectively [38], and 
beneficial to the formation of a compact film. 
However, their solubility values in 100 g water are 
12.8 g·and 1.33 g (at 20 °C), respectively, and the 
large solubility in water is not conducive to the 
formation of a dense film. The PBR value of 
MgCO3 is 2.04, and thus the compound easily 
cracks and spalls off. As the main component of 
corrosion products of Mg and its alloys, although 
Mg(OH)2 displays an appropriate PBR value (1.80) 
and low solubility value in water, its structure is 
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loose and porous, and can be passed through by 
chloride ions with a small radius, thus having a 
limited protective effect on the alloy. 

As a whole, because of the physical/chemical 
instability of oxides, hydroxides and carbonates 
formed in Mg−Li alloys, the surface oxide film 
formed is not dense, which is not conducive to 
effective protection of the alloys. As shown in 
Figs. 8(a)−(f), loose and porous corrosion products 
have many cracks, and their distribution is not 
uniform, which limits protecting the inner alloy in a 
long-term immersion. Besides, an amount of 
hydrogen gas produced by the electrochemical 
reaction escaping from the corrosion pits leads to 
the crack of oxide film, and the formed hydrogen 
poles act as channels to connect the corrosive 
medium to the metal matrix, thus accelerating 
further corrosion. Even though, the integrity of 
oxide film on the surface of as-extruded 
LAZ832-0.5Y alloy is higher than that of the others, 
indicating the oxide film has a protective effect on 
the alloy to some degree. 

Summarizing the above analysis, the superior 
corrosion resistance of as-extruded LAZ832-0.5Y 
alloy can be mainly attributed to the following 
factors. First, after hot extrusion finer second 
phases and their more uniform distribution weaken 
the local potential difference between the second 
phases and the matrix, and decrease the driving 
force of local corrosion. Second, although in the 
dual phase LAZ832-0.5Y alloy the potential 
difference between the α-Mg and β-Li phases 
induces the micro-galvanic corrosion, the rather 
large-scale blocky α-Mg phase as micro-anode is 
retained in the matrix. In other words, the α-Mg 
phase can be protected via sacrificing the 
micro-cathodic β-Li phase in the corrosion process. 
Third, although the components of corrosion 
products on the surface of Mg−Li alloys possess 
chemical/physical instability, relatively integrated 
oxide film formed on the surface of as-extruded 
LAZ832-0.5Y alloy can protect the alloys from 
further corrosion to some degree (Fig. 8(d)). 
 
5 Conclusions 
 

(1) The Li addition in Mg alloys changes the 
matrix from single α-Mg phase, dual phase 
(α-Mg+β-Li) to single β-Li phase. When the Li 
content increases to 8% and 12%, tiny MgLi2Al 

phase is discontinuously precipitated along the 
grain boundaries of β-Li phase. 

(2) A mixed corrosion feature of pitting 
corrosion and intergranular corrosion mainly occurs 
in the LAZ432-0.5Y and LAZ1232-0.5Y alloys, 
which is related to the AlLi phase of negative- 
potential discontinuously precipitated along the 
grain boundaries and high potential difference 
between the second phases and the matrix. 

(3) The corrosion resistance of the 
LAZ832-0.5Y alloys is better than that of single 
α-Mg/β-Li phase LAZ432-0.5Y and LAZ1232- 
0.5Y alloys. Hot extrusion is beneficial to decrease 
the corrosion rate of the LAZ432-0.5Y and 
LAZ832-0.5Y alloys but accelerate the corrosion of 
the LAZ1232-0.5Y alloy. 

(4) The as-extruded LAZ832-0.5Y alloy 
displays a superior corrosion resistance with the 
lowest corrosion rate of (0.63±0.26) mm/a (PW), 
which is attributed to the more uniform distribution 
of second phases, the protective α-Mg phase via 
sacrificing the β-Li phase and the relatively 
integrated oxide film. 
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摘  要：研究固溶态和挤压态 Mg−xLi−3Al−2Zn−0.5Y (x=4, 8, 12，质量分数，%)合金的显微组织和腐蚀行为。结

果表明，当锂含量从 4%增加到 12%，合金基体由 α-Mg 单相转变为 α-Mg+β-Li 双相，再转变为 β-Li 单相。

Mg−4Li−3Al−2Zn−0.5Y 和 Mg−12Li−3Al−2Zn−0.5Y 合金具有晶间腐蚀和点蚀的混合腐蚀特征，前者与沿晶界析

出的 AlLi 相有关，后者与第二相与基体之间的高电位差有关。挤压态合金的耐蚀性优于固溶态合金。挤压态

Mg−8Li−3Al−2Zn−0.5Y 合金具有最低腐蚀速率(PW=(0.63±0.26) mm/a)，主要归因于该合金的第二相分布更均匀、

通过牺牲 β-Li 相形成的保护性 α-Mg 相和相对完整的更均匀分布的氧化膜。 

关键词：Mg−xLi−3Al−2Zn−0.5Y；显微组织；腐蚀行为；固溶；挤压；第二相；氧化膜 
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