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Abstract: It has been known that the lack of excellent corrosion resistance is the key problem restricting the wide 
application of Mg−Li alloys. Based on a quantity of literature about corrosion behavior of Mg−Li alloys, this review 
elaborates the factors affecting the corrosion behavior of Mg−Li alloys and the processing methods for improving 
corrosion resistance. The corrosion characteristics of Mg−Li alloys are described firstly. Then, it is explained that the 
grain size, orientation, second phase, and surface film strongly influence corrosion performance, which can be tailored 
by alloying, plastic deformation, and heat treatment. Further in-depth discussion about the corrosion mechanisms for 
Mg−Li alloys was also presented. Finally, important points of improving corrosion resistance are suggested. 
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1 Introduction 
 

Magnesium−lithium (Mg−Li) alloys, as the 
lightest metal engineering material, have attracted 
extensive attention. In the early 20th century, the 
Mg−Li binary phase diagram was determined  
based on the phase structure transformation of   
Mg and  Li found by TAMMAN [1]. Subsequently, 
some classic Mg−Li alloys were successfully 
manufactured, such as LAZ933 and LA141 in USA, 
MA18 and MA21 in Soviet Union [2]. Until the end 
of the 20th century, Japan and China began to study 
Mg−Li ultralight alloys. In recent years, due to the 
excellent ultralight characteristics of Mg−Li alloys 
and the urgent light-weight requirement from 
industry, the research and application about Mg−Li 
alloys are becoming hot issue. And there are  
many outstanding achievements in the preparation, 
processing and surface treatment of Mg−Li alloys. 

Since weight reduction is a requisite for 
increasing fuel efficiency and reducing emissions, 
Mg−Li alloys with a density of only 1.30− 
1.65 g/cm3 are ideal light-weight alloys [3], which 
have great prospects in military [4], aerospace [5] 
and automobile [6], and continue to develop in   
3C industry, biomedicine, electrochemical power 
supply and other civilian fields [7]. This is based on 
the advantages of Mg−Li alloys in terms of high 
specific strength [8] and specific stiffness [9],   
low anisotropy [10], excellent electromagnetic  
shielding [11,12] and damping properties [13], and 
non-toxicity and good biocompatibility [14]. The 
addition of Li reduces the critical shear stress and 
c/a ratio of Mg crystal so as to improve the 
formability of the alloys [4], especially the 
low-temperature toughness [15]. Depending on the 
content of Li, Mg−Li alloys present different crystal 
structures, that is, when the content of Li is less 
than 5.7 wt.%, the solid solution of Li in Mg (α-Mg) 
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is hcp structure; when the content of Li is higher 
than 10.3 wt.%, the solid solution of Mg in Li  
(β-Li) with bcc structure is formed, and the addition 
of 5.7−10.3 wt.% Li promotes the formation of a 
unique dual-phase structure (α-Mg+β-Li) in Mg−Li 
alloys [3]. 

Figure 1 illustrates the dependence of Mg−Li 
alloys on the processing, microstructure, properties 
and applications. So far, there still exist challenges 
in the practical engineering application of Mg−Li 
alloys, among which the poor corrosion resistance 
is one of the most frequently stated problems and 
constraints [16]. A large quantity of literature has 
reported the corrosion and protection of Mg−Li 
alloys. On the one hand, the effects of 
microstructure on corrosion behavior of Mg−Li 
alloys have been discussed through alloying [17], 
heat treatment [18], mechanical deformation [19] 
and other processing methods.  On the other hand, 
various surface treatments have been applied to 
improving the corrosion resistance of Mg−Li alloys, 
such as plating [20], anodizing [21], and laser 
coating [22]. SUN et al [23] reported researches on 
corrosion behavior of α-phase, (α+β)-phase and 
β-phase in Mg−Li alloys, respectively. WANG    
et al [24] summarized the corrosion research 
progress of Mg−Li alloys with different crystal 
structures as well as corrosion protective film on 
the surfaces. CAIN [25] detailed the microstructure, 
strengthening behavior and corrosion properties of 
β-phase Mg−Li alloys. However, not only different 
crystal structures have significant influence on the  
 

 

Fig. 1 Schematic graphic representation of Mg−Li alloys 

and its dependency on processing, properties and 

microstructure 

corrosion behavior, but also the grain, second phase 
and surface film are pivotal factors affecting the 
corrosion performance of Mg−Li alloys. 

Based on this, the review herein firstly carries 
out the brief description about the corrosion 
characteristics and corrosion process of Mg−Li 
alloys. This is followed by a summary of the 
aspects influencing corrosion behavior of Mg−Li 
alloys with an emphasis on microstructure, surface 
film, and the corresponding processing. This review 
contributes to deepening the understanding of the 
corrosion mechanism of Mg−Li alloys, aiming to 
provide a reference for the development of 
corrosion resistant Mg−Li alloys. 
 
2 Corrosion characteristics of Mg−Li 

alloys 
 

Mg is chemically active with a standard 
potential of −2.37 V, which is prone to produce 
oxides and hydroxides through chemical and 
electrochemical reactions in the atmosphere and 
seawater. The intrinsic corrosion rate of high-purity 
Mg as measured by weight-loss method is 0.3 mm/a 
in a NaCl solution. Other Mg alloys such as Mg−Al 
and Mg−Zn alloys typically have corrosion rates in 
NaCl solutions greater than the intrinsic corrosion 
rate of Mg of 0.3 mm/a, and the most corrosion 
rates are above 1 mm/a. The two exceptions of Mg 
alloys with a corrosion rate in a chloride solution of 
0.1 mm/a are Mg−1.5Sr alloy and Mg−4Y−3Nd 
alloy. Li is a more active metal than Mg with a 
standard potential of −3.04 V, resulting in easier 
corrosion and severer erosion of Mg−Li alloys [26]. 
Recently, the lowest corrosion rate of the Mg−Li 
alloy is 0.8 mm/a measured by weight-loss method 
in 0.1 mol/L NaCl solutions and that is 10 mm/a in 
3.5 wt.% NaCl solutions, which are substantially 
above the intrinsic corrosion rate of pure Mg but 
lower than those of most Mg alloys [6]. In general 
Mg alloys, the potentials of the alloying elements 
are more positive than those of Mg, forming second 
phases of the cathode to promote micro-galvanic 
corrosion of Mg anode. While in Mg−Li alloys, 
once Li dissolves preferentially, the remaining Mg 
will follow to sustain corrosion or even fall off, 
leading to the poor corrosion resistance. 

Reacting with water and aggressive ions in 
aqueous solution, Mg evolves hydrogen at the 
cathode and dissolves at the anode, and the 
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corrosion process of Mg alloys is similar to 
aforementioned reactions, with some alloy elements 
simultaneously dissolving at the anode. Both Mg 
and Li are active metal elements dissolving in water, 
followed by the corrosion reaction processes of 
Mg−Li alloys shown in Reactions (1)–(6) [27]: 

Cathode reaction: 
 
2H2O+2e−→H2↑+2OH−                   (1) 
 

Anode reaction: 
 
Mg→Mg2++2e−                          (2) 
 
Li→Li++e−                              (3) 
 

Formation of corrosion products: 
 
Mg2++2OH−→Mg(OH)2                          (4) 
 
Li++OH−→LiOH                         (5) 
 

Total reaction: 
 
Mg+2Li+4H2O→Mg(OH)2+2LiOH+2H2↑        (6) 
 

It should be noted that the anodic Reaction (2) 
describes the total reaction of anodic dissolution 
process, while there are several intermediate 
processes involving partially protective surface  
film, uni-positive Mg+ ion, Mg hydride, cathodic 
catalytic activity and multiple different corrosion 
reaction mechanisms [28]. Considering the 
exposure of O2 and CO2 in the environment, the 
corrosion products will further react as follows: 
 
2Mg2++O2→2MgO                       (7) 
 
Mg(OH)2+CO2→MgCO3+H2O              (8) 
 
4Li++O2→2Li2O                         (9) 
 
2LiOH+CO2→Li2CO3                       (10) 
 

Due to different Li contents, Mg−Li alloys 
exhibit distinct crystal structures, and both Li 
content and crystal structure play a vital role in the 
corrosion behavior of Mg−Li alloys, of which the 
effects in detail and research progress are 
summarized below. It has been shown that the 
characteristic of the corrosion behavior of Mg−Li 
alloy with time differs from that of traditional Mg 
alloys. HUANG et al [29] found that the corrosion 
rate of Mg−Li alloy is lower than that of pure Mg 
after 24 h immersion in 3.5 wt.% NaCl solution, 
and there are smaller and shallower corrosion pits 
on the surface of Mg−Li alloy, even though the 
corrosion resistance of pure Mg is better than that 
of Mg−Li alloy at the initial corrosion stage. By 

comparing the corrosion performance over time of 
dual-phase Mg−8.8Li alloy with that of AZ91D 
traditional Mg alloy, SONG et al [30] reached the 
same conclusion that AZ91D alloy is more 
corrosion resistant than Mg−8.8Li alloy proved by 
polarization curve and electrochemical impedance 
spectroscopy when just immersed in corrosive 
solution, while the mass loss rate of Mg−8.8Li alloy 
decreases and is less than that of AZ91D alloy with 
the extension of immersion time (after 48 h). It is 
caused by the higher activity of Li, resulting in 
rapid corrosion of Mg−8.8Li alloy at the beginning 
of immersion, and Al in AZ91D alloy can promote 
the surface passivation. The protective surface film 
of AZ91D is destroyed as the corrosion elongates, 
and the severe galvanic corrosion happens between 
Mg matrix and cathode second phase leading to 
forming deeper corrosion pits, while the Mg−8.8Li 
alloy gradually develops a more uniform general 
corrosion from pitting corrosion and filiform 
corrosion. 

As for the corrosion mechanism of Mg−Li 
alloys, SONG et al [27] stated the occurrence and 
characteristic of filiform corrosion in Mg−8Li alloy. 
The corrosion damage occurs preferentially at the 
interface of α-Mg phase and β-Li phase, and then 
extends to the β phase due to higher activity. 
Figure 2(a) shows the schematic diagram of filiform 
corrosion on Mg−8Li alloy. In the occurrence of 
filiform corrosion, the filament tip is acidic with 
Mg dissolution reaction, and the filament tail is 
passivated by the corrosion product of Mg(OH)2 
and LiOH in alkaline environment. The addition  
of Li promotes the hydrogen evolution reaction   
at the cathode, correspondingly accelerating the 
propagation of the filament. Recent studies have 
indicated that, after the damage starts at the phase 
interface, the corrosion is prior to extend in α-Mg 
phase in the form of filiform characteristic, while it 
shows intergranular corrosion in β-Li phase [31]. 
XU et al [32] proved that the Li2CO3 film formed 
on the surface of Mg−Li alloy is dense and 
protective, which has a positive impact on the 
improvement of corrosion resistance. This is mainly 
because the standard enthalpy of Li2CO3 is low, 
where a low enthalpy of formation indicates the 
high chemical stability, and the value of PBR is 
about 1.27. Figure 2(b) demonstrates surface layer 
formation on hcp Mg and bcc Mg−Li alloys,    
and the formation of passivated Li2CO3 is due to the  
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Fig. 2 Schematic diagrams of corrosion mechanism of Mg−Li alloys: (a) Sketch map of filiform corrosion on   

Mg−8Li alloy [27]; (b) Surface layer formation on hcp Mg and bcc Mg−Li after exposure to standard atmospheric 

conditions [32]; (c) Schematic representation of steps of aqueous corrosion of Mg−Li alloy [33] 

 

homogeneous nanoscale microstructure in the 
Mg−Li−Al−Y−Zr alloy. Recently, YAN et al [33] 
have adopted a variety of in-situ analysis techniques 
to demonstrate the stability of Mg−Li alloy in water 
owing to generating Li-doped MgO film and Li−Al 
LDH and the Li-lean hcp Mg−Li phase under the 
oxide film as shown in Fig. 2(c). 

In order to determine the corrosion rate and 
other corrosion parameters of Mg−Li alloy, and 
determine the relationship between corrosion 
behavior and microstructure, so as to further 
elaborate the corrosion mechanism, it is common 
practice to make use of a set of conventional 
methods, including gravimetric methods, hydrogen 
gas collection, visual inspection, optical and 
electron microscopy and electro-chemical 
measurements [24,25]. Recently, corrosion 
researches of Mg−Li alloys have benefited from the 
development of modern analytical techniques. It 
may be noted that in situ analysis is necessary to 
investigate corrosion in real time and on the exact 
location such as the initiation of corrosion and 
understand the dynamics of a corrosion process. 
The modern and in situ methods used in corrosion 

studies of Mg−Li alloys include scanning  
vibrating electrode technique (SVET), scanning 
Kelvin probe (SKP), SKP-force microscopy 
(SKPFM), atomic emission spectroelectrochemistry 
(AESEC) and secondary ion mass spectrometry 
(SIMS) [28,32,33]. 
 
3 Influencing factors for corrosion 

behavior of Mg−Li alloys 
 
3.1 Li content 

It is generally recognized that the Li content 
has a significant influence on the microstructure 
and properties of Mg−Li alloys. Different Li 
contents cause the formation of different solid 
solutions in the Mg−Li alloys, showing α-Mg 
(<5.7 wt.% Li), α+β (5.7−10.3 wt.% Li) and β-Li 
(>10.3 wt.% Li). Researches have commonly 
revealed that corrosion behavior of Mg−Li alloys is 
closely related to different crystal structures. 
However, the hcp and bcc crystal structures 
themselves do not seem to change the corrosion rate 
and corrosion type of the alloy, and it is Li content 
that affects the corrosion resistance of Mg−Li alloys. 



Xiao-chun MA, et al/Trans. Nonferrous Met. Soc. China 31(2021) 3228−3254 3232

Table 1 lists the corrosion rates of some Mg−Li 
alloys with different Li contents. 

The electrochemical test results showed that 
the corrosion current density of Mg−Li alloys 

increases gradually after adding 4.5, 7.5 and 
15 wt.% Li, respectively [45]. Among the Mg−  
(4.5, 7.5, 15)Li−Al−Zn alloys [34] and Mg−(1, 9, 15) 
Li−1Ca alloys [35], it is stated that a small amount 

 
Table 1 Corrosion rates of some Mg−Li alloys with different Li contents 

Alloy State 
Li 

content/ 
wt.% 

Solution 
Corrosion rate/ 

(mmꞏa−1) 
Method Corrosion type Ref. 

Mg−xLi− 
3Al−2Zn 

As-cast 

5 
3.5 wt.% 

NaCl 

0.417 

PJ 

− 

[34] 8 8.071 − 

14 29.591 − 

Mg−xLi−1Ca As-extruded 

1 
Hank’s 
solution 

1.48 

Pw 

Integrity of the  
corrosion product film 

[35] 9 2.92 A mild attack 

15 6.26 Serious corrosion 

Mg−xLi−1Zn As-extruded 
6 Hank’s 

solution 

0.042 
PJ 

Corrode partly 
[36] 

9 0.158 Corrode fast 

Mg94−xZn2Y4Lix As-cast 

0 (at.%) 
Hank’s 
solution 

0.305 

PJ 

Galvanic corrosion 

[37] 5 (at.%) 0.165 Weaker galvanic corrosion 

13 (at.%) 0.817 Filiform corrosion 

Mg−xLi As-extruded 

4 

0.1 mol/L 
NaCl 

1.848 

Pw 

Filiform corrosion 

[38] 7.5 3.381 
A mixture of filiform  
and pitting corrosion 

14 0.861 Pitting corrosion 

Mg−xLi− 
3Al−1Zn−0.2Y 

As-rolled 

0 
3.5 wt.% 

NaCl 

2.637 

PJ 

Deep corrosion holes 

[39] 8 2.251 β-Li is corroded in priority 

11 1.629 Uniform corrosion 

Mg−3Al−xLi As-cast 

4 

3.5 wt.% 
NaCl 

18956 

PJ 

Severe spalling of metallic 
particles 

[40] 8 3381.8 Less particles are removed 

12 5300.3 
Local dissolution 
 with many pits 

Mg−xLi As-rolled 
4 

3.5 wt.%  
NaCl 

0.065 
PJ 

Partly areas corroded 
[41] 

12 5.438 
All areas corroded  

with cracks 

Mg−xLi As-extruded 

1 

0.1 mol/L 
NaCl 

5.67 

Pw 

Groove-like corrosion 

[42] 3 3.99 
Prominent but slender 

corrosion filaments 

5 3.15 No corrosion pits 

Mg−xLi− 
3Al−2Zn−0.2Zr 

As-extruded 

5 

3.5 wt.%  
NaCl 

7.56 

Pw 

Intergranular corrosion 

[43] 8 4.62 
β-Li phase is corroded  
prior to α-Mg phase 

11 20.538 Pitting corrosion 

Mg−xLi− 
3Al−2Zn−0.2Zr 

As- 
homogenized 

5 
3.5 wt.%  

NaCl 

12.369 

Pw 

Filiform corrosion 

[44] 8 6.195 Galvanic corrosion 

11 18.438 Pitting corrosion 

PJ and Pw are corrosion rates measured by polarization and weight-loss methods, respectively 



Xiao-chun MA, et al/Trans. Nonferrous Met. Soc. China 31(2021) 3228−3254 3233 

of Li soluble in Mg alloy can reduce hydrogen 
evolution; however, β-Li phase with high Li content 
significantly deteriorates the corrosion resistance of 
the alloy. LI et al [38] indicated that Mg−Li alloys 
with high Li content exhibit better corrosion 
resistance. It can be seen in Fig. 3 [38] that filiform 
corrosion occurs on the surface of α-Mg phase with 
low Li content in Mg−4Li and Mg−7.5Li alloys, 
and Mg−14Li alloy exhibits less obvious corrosion 
with small and slight corrosion pits. The test results 
of the NDE (negative difference effect) of Mg−Li 
alloys indicated that β-Li phase with high Li 
content weakens the NDE of the Mg−Li alloy due 
to the durable and intact surface film on it, while 
the rupture of the surface film caused by anode 
dissolution leads to the enhancement of NDE in 
Mg−4Li and Mg−7.5Li alloys [46]. SUN et al [44] 
concluded that the as-extruded LAZ832−0.2Zr 
exhibits the best corrosion resistance with the 
smallest corrosion current density of 52.30 μA/cm2, 
the largest charge transfer resistance of 
428.7 Ωꞏcm2, and the lowest mass loss rate of 
2.20 mg/(cm2ꞏd), while the as-extruded LAZ1132− 
0.2Zr alloy exhibits the worst corrosion resistance. 
When Mg−Li alloys with different Li contents are 
used as the anode of batteries, the α-Mg alloy 
suffers significant hydrogen gas evolution and the 
hydrogen evolution in β-Li alloy is memorably 
weakened. As shown in Fig. 4 [47], the corrosion 
potentials of α-Mg, α+β and β-Li alloys are −1.449, 

−1.526 and −1.542 V (vs SCE), respectively, and 
the corrosion current densities are 107.4, 97.7 and 
89.1 μA/cm2, respectively. Mg−3Al−8Li inhibits 
self-discharge and dissolves discharge products 
uniformly [40], compared with Mg−3Al alloys with 
4 and 12 wt.% Li. 

Based on the mentioned above, the 
conclusions can be drawn that the corrosion 
behavior of Mg−Li alloy with low Li content is 
similar to that of traditional Mg alloys. In the 
atmosphere, uniform corrosion is the dominant 
form, while pitting corrosion, filiform corrosion and 
galvanic corrosion often emerge in aqueous solution. 
For Mg−Li alloy with medium Li content, which 
often presents a dual-phase structure, the galvanic 
corrosion occurring preferentially at the interface is 
the focus of attention, as well as different corrosion 
types in α-Mg and β-Li phases. The effects of 
oxides/hydroxides/carbonates on corrosion behavior 
of Mg−Li alloys with high Li content are worth 
considering to avoid corrosion damage. 

 
3.2 Grain size 

It has been widely investigated that the   
grain size of alloys has a significant effect on    
the corrosion behavior. For Mg [48] and Mg  
alloys [49], there are conflicting viewpoints about 
the relationship between grain size and corrosion 
rate as well as corrosion tendency. In some cases, 
grain refinement can greatly enhance corrosion  

 

 

Fig. 3 SEM images of specimen surfaces following removal of corrosion products for Mg−4Li (a, b), Mg−7.5Li (c, d) 

and Mg−14Li (e, f) (all in wt.%) exposed to 0.1 mol/L NaCl solution for 2, 2 and 8 h, respectively [38] 
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Fig. 4 Electrochemical properties of investigated alloys [47]: (a) OCP curves; (b) Polarization curves; (c) Nyquist  

plots; (d, e) Schematic diagrams for surface dissolving and fitted equivalent circuits of α (d), α+β and β (e) alloys 

 

resistance, mainly because the increase of grain 
boundary density makes it easier to form a passive 
film on the surface and improves the adhesion 
between the oxide and the substrate. On the 
contrary, it is believed that smaller grains result in 
increasing the corrosion rate owing to the increase 
of defects at the grain boundaries with higher 
activity and faster corrosion rate. In addition, some 
secondary phases continuously distributed at the 
grain boundaries acting as barriers become isolated 
cathodes due to grain refinement, which will 
promote micro-galvanic corrosion. The grain size of 
Mg−Li alloys can be changed by controlling the 
casting process and applying various processing 
methods [50]. WU et al [51] prepared fine-grained 
Mg−13Li−X alloys by a rapid solidification process, 
and obtained the grain size of 4.2 μm compared to 
150 μm of the traditional as-cast alloy. The alloy 
with fine grains has a corrosion potential (Ecorr) of 
−1.354 V and a corrosion current density (icorr) of 
5.830×10−7 A/cm2 after immersion in HBSS for 2 h. 
The grain refinement is beneficial to improving the 
corrosion resistance of the Mg−Li alloy. The 
introduction of ultrasonic vibration during the melt 
solidification process can make α-Mg phase change 
from coarse flower-like structure to a fine spherical 

structure, thus reducing the corrosion current 
density and corrosion products [52]. By comparing 
the microstructure of Mg−9Li−3Al−1Ca alloys 
prepared by gravity casting and centrifugal  
casting [53], it can be seen that α-Mg phase can be 
refined and spheroidized after centrifugal casting. 
Accordingly, the corrosion current density 
decreases from 220.4 to 89.4 μA/cm2. It has been 
noted that the transformation from the local 
corrosion with large pitting pits into the uniform 
corrosion by means of grain refinement can 
effectively prevent corrosion cracks from extending 
to the depth of the alloy, thereby reducing the 
corrosion rate. As shown in Fig. 5 [54], the grains 
of Mg−9Li−1Zn alloy treated by friction stir are 
remarkably refined, with the size of α-Mg phase 
decreasing from 5.7 to 2.1 μm, and that of     
β-Li phase decreasing from 11.9 to 2.2 μm. 
Consequently, the corrosion current density reduces 
from 2.734×10−3 to 1.092×10−3 A/cm2, with the 
corrosion morphology changing from local 
corrosion of large and deep corrosion pits to 
uniform corrosion of a large number of shallow and 
fine corrosion pits. 

Table 2 lists recent literatures about the grain 
refinement of Mg−Li alloys through micro-alloying 
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Fig. 5 EBSD maps and electrochemical properties of BM and friction stir processed alloy specimens [54]: (a) EBSD 

map of BM; (b) EBSD map of SZ center; (c) Open circuit potential vs time; (d) Polarization curves  

 

Table 2 Corrosion rates of some Mg−Li alloys with different grain size 

Alloy Processing methods Solution Grain size/μm Corrosion rate/(mmꞏa−1) Ref. 

Mg−4Li Alloying-0Ca 

SBF 

150±10 3.89 (PJ) 

[55] Mg−4Li−0.5Ca Alloying-0.5Ca 85±2 0.82 (PJ) 

Mg−4Li−1.0Ca Alloying-1.0Ca 79±2 1.14 (PJ) 

LAZ832 Alloying-0Nd 
3.5 wt.% NaCl 

20−30 8.60 (PH) 
[56] 

LAZ832−0.5Nd Alloying-0.5Nd α(100, 10) 3.79 (PH) 

Mg−4Li As-cast 

SBF 

150±8 244 (PJ) 

[57] Mg−4Li Hot rolling 17±6 104 (PJ) 

Mg−4Li−1Ca As-cast 100±5 10.7 (PJ) 

Mg−9Li−3Al−1.6Y 
As-cast 

0.1 mol/L NaCl 
325 5.0 (PJ) 

[58] 
As-extruded 75 1.65 (PJ) 

 As-extruded 

0.6 mol/L NaCl 

β(77, 28) 0.21 (PJ) 

[59] Mg−10Li−1.5Ca Cold-rolled β(59, 25) 0.11 (PJ) 

 Cryo-rolled β(56, 21) 0.11 (PJ) 

 As-cast 

In vivo 

36.85 0.035 (PJ) 

[60] LAE442 Single-extruded 25.32 0.025 (PJ) 

 Double-extruded 11.27 0.0134 (PJ) 

PJ, Pw and PH are corrosion rates measured by polarization, weight-loss and hydrogen evolution methods, respectively; SBF is short for 

simulated body fluid 
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and imposing plastic deformation, and the 
correlation between grain size and corrosion rate. 
Generally, the decrease of grain size can improve 
the corrosion resistance of Mg−Li alloy. However, 
after adding 0.5Nd to the LAZ832 alloy [56], the 
equiaxial α-Mg phase transformed into a long 
ribbon structure with 100 μm in length and 10 μm 
in width. Therefore, the addition of Nd leads to the 
grain coarsening, but it enhances the corrosion 
resistance of LAZ832 alloy, which is mainly 
affected by the second phase in the alloy. It has 
been reported that the corrosion rate of the alloy 
decreases with the increase of grain size during heat 
treatment, especially for solution treatment. The 
corrosion behavior of Mg−9Li−3Al−2.5Sr alloy at 
different aging temperatures (75, 100, 125, 150, 
175 °C) after solution at 400 °C for 3 h was 
investigated by immersion test and polarization 
curve test, and the results showed that the corrosion 
resistance of the alloy aged at 150 °C is higher than 
that aged at 75 °C [61]. With the increase of aging 
temperature, the grain grows and the grain 
boundary area per unit volume decreases, thus 
improving the corrosion resistance of the alloy. 
GAO et al [17] observed the microstructure and 
corrosion behavior of Mg−3Nd−1Li−0.2Zn alloy 
solution-treated for different time (0, 2, 4, 8, 12 h). 
The grain size increases rapidly with prolonging the 
solution time, causing the variation of corrosion 
behavior. The alloy possesses the best corrosion 
resistance at 4 h. It can be explained that, in an 
active environment where the corrosion current 
density exceeds 10 μA/cm2, the corrosion rate 
decreases with the increase of the grain size. 

The uneven distribution of grain size within 
the alloy will also affect the corrosion performance 
of the alloy [62]. It is largely caused by non- 
uniform grain size distribution affecting uniformity 
of the passivation layer and the degree of 
segregation of impurities at the grain boundary. In 
the as-extruded Mg−1Li−1Ca alloy [63], the surface 
layer with finer grains has a better corrosion 
resistance than the inner layer with coarser grains. 
And the electrochemical differences between the 
inner and outer layers of grains with different sizes 
lead to micro-galvanic corrosion. 

The following equation can be used to 
formulate the effect of grain size on the corrosion 
rate. Like the Hall−Petch type equation, the 

corrosion rate (CR) can be written as 
 
CR=a+bD−0.5                                   (11) 
 
where D is the grain size, a and b are the fitting 
constants related to other parameters. Figure 6 
shows the relationships for different Mg−Li alloys. 
It shows that the corrosion resistance of Mg−Li 
alloys can be improved by decreasing grain size in 
most cases. 
 

 
Fig. 6 Effect of grain size on corrosion rate of Mg−Li 

alloys (PJ, Pw and PH are corrosion rates measured    

by polarization, weight-loss and hydrogen evolution 

methods, respectively) 

 
Additionally, it should be noted that, the 

elongated grains in Mg−Li alloys obtained by 
deformation are detrimental to the corrosion 
resistance, resulting in exfoliation corrosion. There 
are few reports about the intergranular corrosion in 
Mg−Li alloys, and the effect of grain size on the 
corrosion resistance of Mg−Li binary alloys has 
been rarely reported. 
 
3.3 Grain orientation 

It is generally believed that the basal planes 
have better corrosion resistance in hcp Mg alloys, 
because the atoms on the basal plane are closely 
arranged and there is a high binding energy between 
the atoms. The dissolution rate of (10 10) and 
(1120)  planes is 18−20 times that of basal plane 
(0001) according to theoretical calculations [64]. 
Besides, surface energy plays a part in cathode 
hydrogen evolution process, through adsorbing 
water or protons to accelerate the hydrogen 
evolution reaction. The surface energies of (0001), 
(10 10)  and (1120)  planes of Mg are 1.54×104, 
3.04×104 and 2.99×104 J/mol, respectively [65], 
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indicating that the corrosion rate of (0001) plane is 
the lowest, followed by (10 10)  and (1120)  
planes. Crystal planes also affect the oxide film. 
(0001) orientation is beneficial to enhancing the 
stability of the corrosion film, thereby elevating the 
corrosion resistance [66]. From Fig. 7 [67,68], it 
can be obviously observed that the prismatic plane 
is vulnerable to corrosion erosion, while the basal 
plane has a higher corrosion potential, a lower 
anodic polarization current density, and a larger 
impedance and thinner surface film. Through 
hydrogen evolution, potentiodynamic polarization 
and electrochemical impedance spectroscopy 
measurements on pure Mg single crystal, it can be 
concluded that the corrosion rate increases in the 
order of (0001), (1120)  and (10 10) . Figure 7(c) 
shows the polarization curves of different crystal 
planes of pure Mg [68], indicating that the anodic 
reaction controls the corrosion behavior related to 
grain orientation, and the charge transfer and film 
resistance are strongly orientation dependent. 

The influence of different crystal plane 
orientations on corrosion behavior of Mg−Li alloys 

is mainly focused on the single-phase α-Mg with 
hcp structure, and the conclusions obtained are 
similar to those of traditional Mg alloys. ZHANG et 
al [69] found that the surface grain orientation in 
hcp Mg−4Li alloy with a strong matrix texture 
mainly corresponds to (10 10)  and (1120)  after 
the addition of Al−Si eutectic alloy, and the 
corrosion resistance of the alloy decreases. The 
same results were observed when Al was added to 
Mg−4Li [70]. YANG et al [71] studied the 
corrosion behaviors of LAZ131 and LAZ531 at 
open circuit potential and concluded that (10 10)  
and (1120)  oriented grains are more susceptible to 
corrosion than (0001) oriented grains. Due to the 
different deformability of α-Mg phase and β-Li 
phase, different types of textures of α-Mg phase and 
β-Li phase have different impacts on corrosion 
properties of Mg−Li alloys. 

By comparing the corrosion properties of 
as-rolled Mg−8Li alloy plates with different 
orientations, it has been demonstrated that there   
is obvious corrosion anisotropy between the 
surfaces of different oriented plates, as shown in 

 

 
Fig. 7 (a) EBSD grain distribution and schematic illustration of grain orientations of Mg coupon [67]; (b) SVP maps of 

Mg coupon obtained at 0, 60 and 180 min after immersion in 0.01 mol/L NaCl [67]; (c) Potentiodynamic polarization 

curves of pure-Mg−SCs in HBSS at 37 °C, with exposed surface parallel to (0001), (10 10), (1120),  (1123),  and 

(10 12)  [68] 
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Fig. 8 [72]. The corrosion rate of “ND” samples 
with the surface perpendicular to the normal 
direction of the plate is the highest, that of “TD” 
samples with the surface perpendicular to the 
transverse direction is the second, and that of “RD” 
samples with surface perpendicular to the rolling 
direction has the lowest corrosion rate. The 
variation of corrosion behavior is mainly ascribed 
to crystal structure of the α-Mg phase. For the  
“ND” and “TD” plates, the exposed surfaces are 
composed of (0002), (10 10)  and (1120)  planes, 
leading to severe corrosion between the base 
surface and the prism surface. However, the “RD” 
sample did not suffer micro-galvanic corrosion due 
to the (10 10)  and (1120)  crystal planes on the 
surface. In order to optimize the grain orientation 
and tailor the anisotropy of the alloy, the addition of 
rare earth elements, pre-deformation and annealing 
are commonly put into effect. The texture of 
Mg−4Li alloy can be weakened by adding Zn and Y 
elements to form I phase (Mg3Zn6Y, icosahedral 
structure) [73]. HE et al [74] suggested that the 
re-orientation of the prismatic planes through 
pre-deformation effectively enhances the corrosion 
resistance of the sheet. The texture of as-extruded 
LAZ331 sheet gives rise to poor corrosion 
resistance due to a large number of high surface 

energy prismatic surfaces parallel to the surface, 
and pre-deformation reduces the number fraction of 
high-surface energy prismatic planes from 91% to 
6%, as well as corrosion current density from 126.1 
to 32.0 μA/cm2. 

The corrosion performance of Mg alloys 
depends not only on the concentration of basal 
planes, but also on the twins formed in the alloy. 
ZOU et al [75] reported that (10 12) tensile twin- 
ning improves corrosion properties by changing the 
pitting potential, film formation sequence and 
charge transfer resistance. On the one hand, 
twinning causes the turning of crystal orientation, 
contributing to the ratio of the basal plane to the 
prism plane. On the other hand, the twinning zone 
and the twinning boundary are more active, leading 
to a potential difference with the matrix. 

The LA51 and LAZ531 alloys exhibit 
extension twinning and the twinning density 
increases with the increase of rolling reduction [76]. 
There is an obvious passivation tendency on the 
anode side of the polarization curve of LA51 alloy 
plates with rolling reductions of 15% and 20% [65]. 
It is mainly determined by the (1120)  extension 
twinning accelerating the formation of the oxide 
film. By contrast, the twinning in LAZ531 alloy 
increases the corrosion rate [77]. 

 

 
Fig. 8 Macro texture analysis of as-rolled Mg−8wt.%Li alloy (a), potentiodynamic polarization curves (b) and hydrogen 

evolution curves of “ND”, “TD” and “RD” samples measured in 0.1 mol/L NaCl solution (c) [72] 
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The effect of grain orientation on the corrosion 
behavior of Mg−Li alloys is mainly concentrated in 
the hcp structure with low Li content. In order to 
improve the corrosion resistance of Mg−Li alloys, 
the grain orientation can be optimized so that the 
(0001) base plane is parallel to the surface. As β-Li 
phase reduces the anisotropy of Mg−Li alloys, the 
variability of corrosion in different surfaces of 
Mg−Li alloy after deformation is attributed to the 
amount and distribution of α-Mg phases. However, 
there are few works about the corrosion anisotropy 
of pure β-phase presently. 
 
3.4 Second phase 

It is well known that the second phase has a 
remarkable influence on the corrosion properties of 
Mg alloys. One of the reasons is the galvanic 
corrosion between the second phase and the matrix. 
The potential values of various second phases in 
Mg alloy are summarized in Table 3 [78,79]. It can 
be seen that most of the second phases are cathode 
relative to the matrix, and Al−Fe and Al−Mn are the 

most harmful cathode phases, strongly promoting 
the corrosion of the Mg matrix. The Mg17Al12 phase 
located along the grain boundary in the AZ alloys 
acts as a cathode for accelerating the hydrogen 
evolution reaction or as a corrosion barrier for 
hindering the damage, mainly depending on the 
volume fraction and distribution of the Mg17Al12 
phase. The additions of La, Nd, and Y, etc will  
form the anode second phases for preferentially 
degradation [80−82]. In Mg−Li alloys, Li- 
containing phases are also produced in addition to 
the common second phases in traditional Mg alloys 
above mentioned. 

Due to the electrochemical difference between 
α-Mg phase and β-Li phase in dual-phase Mg−Li 
alloys, galvanic corrosion easily occurs. Figure 9 
displays the local potential around the α-Mg/β-Li 
interface and grain boundary inner β-Li phase [31]. 
The potential difference promotes micro-galvanic 
corrosion. In addition, the morphology and the 
distribution of α-Mg phase also play great role in 
the corrosion performance of Mg−Li alloy [83]. The 

 
Table 3 Potentials of intermetallics with matrix for Mg alloys [78,79] 

Alloy Phase Potential to EMg/mV Alloy Phase Potential to EMg/mV 

Mg − 0 Mg−Si Mg2Si 210 

Mg−8Li AlLi 380 Mg−Al Al−Mn 370 

Mg−8Li β-Li 175 Mg−Al Al−Fe 1050 

Mg−Al Mg17Al12 300 Mg−Al−Gd Al2Ca 90 

Mg−Zn MgZn2 510 Mg−Al−Nd Al2Nd 140 

Mg−Y Mg24Y5 50 Mg−Al−Y Al2Y 320 

Mg−Ce Mg12Ce 150 EW75 Mg−Nd−Y −35 

Mg−Ca Mg2Ca −100 ZE41 Mg−Zn−RE 100 

Mg−Nd Mg3Nd 100 TZXM4411 Mg−Sn−Zn 200 

 

 

Fig. 9 SEM image (a) and local potential distribution at α-Mg/β-Li interface (b) and grain boundaries of β-Li phase (c) 

in eutectic Mg−8Li alloy [31] 
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AlLi phase can be more commonly observed in 
Al-containing Mg−Li alloys attributing to higher 
electronegativity difference of Al and Li (0.63) than 
that of Mg and Al (0.3) [84]. The potential of AlLi 
phase (−1.960 V (vs SCE)) is more negative than 
that of Mg matrix (−1.258 V (vs SCE)), which 
prefers to dissolve due to galvanic corrosion [85]. 
Corrosion spreads along AlLi phase forming 
filiform corrosion, which is mainly distributed at 
grain boundary and inside β-Li phase, and the 
corrosion rate increases with the increase of volume 
fraction of AlLi phase in Mg−Li alloy. The addition 
of rare earth elements such as Y [86] or Nd [87] 
inhibits the formation of AlLi phase and improves 
the corrosion resistance. 

The quasicrystal phase and LPSO in Mg−Li 
alloy also play an important role in corrosion 
properties. XU and HAN [88] found that Mg−6Li− 
6Zn−1.2Y alloy contains I phase at grain 
boundaries, which effectively inhibits the growth of 
corrosion pits and the extension of filiform 
corrosion, thus slowing down the corrosion of 
dual-phase Mg−Li alloy. The microstructure and 
corrosion behavior of the as-extruded Mg−6.5Li− 
xY−yZn alloy were revealed by LI et al [89]. In 
terms of microstructure, the Mg−6.5Li−0.8Y alloy 
contains α-Mg, β-Li and Mg2Y phases, Mg−6.5Li− 
0.8Y−0.3Zn alloy is composed of α-Mg, β-Li and X 
(Mg12ZnY, LPSO) phases, and Mg−6.5Li−1.0Y− 
1.0Zn alloy is composed of α-Mg, β-Li and W 
(Mg3Zn3Y2) phases. From the surface morphology 
and depth of corrosion pits, Mg−6.5Li−0.8Y−0.3Zn 
alloy with the lowest volume of second phase 
presents the best corrosion resistance, as a result of 
reducing the micro-galvanic corrosion. The LPSO 
phase acts as a barrier between the matrix and    
the eutectic phase to weaken the galvanic  
corrosion [37]. 

The reason that the second phase affects the 
corrosion resistance mainly includes the potential 
difference between the second phase and substrate, 
the amount and distribution of the second phase, 
and the role of the second phase opposing surface 
film. Some potential values of intermetallics are 
listed in Table 3. HU et al [90] observed Al2Gd/ 
Mg2Sn/AlCuMg particles formed in the as-extruded 
LA83−1.2M (M=Gd, Sn, Cu) alloy, and the 
potential differences between these particles and the 
matrix determine the corrosion rate of the alloy. The 
potential difference of constituents relative to the 

α-Mg phase in the alloys follows the order of  
AlCuMg (~680 mV) > AlLi (~340 mV) > Al2Gd 
(~250 mV) > β-Li (~135 mV) > Mg2Sn (~60 mV). 
The as-extruded LA83−1.2Cu alloy with more 
noble AlCuMg particles presents the maximum 
mass loss rate of (99.8±0.8) mg/(cm2ꞏd) and the 
maximum hydrogen evolution rate of 
(70.4±0.7) mL/(cm2ꞏd), and the micro-galvanic 
couples of Al2Gd/α-Mg with smaller potential 
differences decrease the mass loss by ~70%. 
Therefore, it is a good strategy to reduce the 
potential of the cathode phase such as Al−Fe/ 
Al−Mn by adding alloying elements to slow down 
the galvanic corrosion [91]. It is proved that the 
amount and size of Mg41Nd5 second phase in 
Mg−3Nd−1Li−0.2Zn alloy decrease with the 
increase of solution treatment time. After solution 
treatment at 535 °C for 6 h, the uniform distribution 
of Mg41Nd5 second phase results in smaller and 
shallower pitting pits [17]. The cross-cold rolled 
Mg−Li−Ca alloy possesses smaller second phases 
evenly dispersed in the matrix than cold rolled alloy, 
which promotes the formation of uniform and dense 
corrosion products on the surface according to the 
corrosion morphology [59]. It is also observed that 
the protective surface film forms in the as-extruded 
Mg−1.21Li−1.12Ca−1Y alloy due to the fine and 
uniformly distributed second phase [92]. 

As for the second phases in Mg−Li alloys, 
special attention should be paid to the purification 
of the alloy as for reducing the harmful impurities 
in the alloy and avoiding forming strong cathode 
phase. The volume fraction of AlLi phase in the 
Mg−Li−Al alloy ought to be reduced by adding 
alloying elements since the AlLi phase is 
detrimental to the corrosion resistance of Mg−Li 
alloy. Similar to Mg17Al12 phase at grain boundaries, 
it is encouraged to form network phase with barrier 
effect for the sake of slowing down the corrosion. 
In addition, small and uniform distributed second 
phase can enhance corrosion resistance of Mg−Li 
alloys. 

 
3.5 Surface film 

The composition and structure of the corrosion 
film formed on the surface of Mg and Mg alloys 
affect the corrosion rate of the alloy. It is expected 
to form a dense and stable oxide film to effectively 
prevent air or ions from further contacting the metal 
substrate. Mg can spontaneously form a thin but 
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dense oxide film in the air, mainly composed     
of MgO and Mg(OH)2 with an amorphous  
structure [93]. In the humid air, the outer layer 
usually forms a 20−40 nm surface film, and the 
inner layer belongs to a multicellular amorphous 
hydration layer [94]. However, the surface film of 
Mg alloy naturally formed in aqueous solution is 
generally loose and porous without effective 
protection for Mg alloy [94]. 

Affected by the active Li element and different 
crystal structures, the composition and structure  
of Mg−Li alloy surface film exhibit particular 
characteristics. LI et al [95] investigated the 
characteristics and the protective properties of the 
surface film of pure Mg with hcp structure and 

Mg−14Li alloy with bcc structure, indicating that 
typical flaky Mg(OH)2 particles form on pure Mg. 
The articulated need-like particles are observed on 
the surface of Mg−14Li, with a thickness of up to 
4 μm and some tiny holes within it, as shown in 
Fig. 10 [95]. It has been shown that both surface 
films may decompose under high anode 
overvoltage. In Mg−Li−Al alloys, higher Li content 
results in a thicker oxide film. In addition, the 
dual-phase Mg−Li alloys are propitious to a thicker 
oxide film due to accelerated corrosion of the 
primary battery [96]. Because of Li addition, not 
only the surface film composition of Mg−Li alloys 
includes Li-containing compounds, but also the 
surface film has a typical multilayer structure. Four 

 

 
Fig. 10 Planar (a, b) and cross-sectional (c, d) morphologies and Raman analysis (e, f) of surface film on pure Mg 

(a, c, e) and Mg−14Li alloy (b, d, f) exposed to 0.1 mol/L NaCl for 8 h [95] 
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layers formed on the surface of Mg−8Li alloy in the 
ambient atmosphere include: the top layer being the 
mixture of Mg(OH)2 and Li2O; the second layer 
being the mixture of Mg(OH)2, Li2O and MgO; the 
third layer being the mixture of Mg(OH)2, MgO, 
LiOH, Li2O and Mg; the bottom layer being the 
mixture of MgO, Li2O, Li and Mg [97]. The Mg 
and Li in Mg−Li base alloys are easily oxidized to 
form MgO and Li2O, and they will be partially 
converted to hydroxides when contacting H2O 
molecules. The thermodynamic function H0 
determines that Mg(OH)2 and Li2O exist stably in 
the surface film. ZENG et al [98] disclosed that the 
oxide film of Mg−Li alloy exposed to the air for a 
long time also presents a four-layer structure, and 
the outer layer is composed of Li compounds (Li2O, 
LiOH and Li2CO3). The principle of the reaction is 
that Li ions easily diffuse from the interface of 
metal and oxide to the outer layer of oxide on the 
base of the small diameter, fast diffusion speed  
and high reaction activity of Li atom. Time of 
flight-secondary ion mass spectrometry (ToF-SIMS) 
was used to investigate the surface as well as bulk 
microstructural features of novel Mg−Li−Al based 
alloy by KUMAR [99], indicating that there are six 
multi-oxide layers within the surface film of 
LATZ9531. The surface film mainly contains Li, 
Mg and Al, and the Li content gradually decreases 
from the sample surface to the inside of the matrix. 

Some alloying elements are beneficial to the 
formation of thinner, denser, more stable and more 
protective oxide film [100]. With the addition of  
Y to LAZ832 alloy, lots of tiny erect flakes 
perpendicular to the surface make the oxide film 
denser and more protective and prevent further 
corrosion of the matrix [86]. The addition of YAl2 in 
Mg−Li alloy stimulates the formation of Y2O3 on 
the surface, which enhances the binding force 
between the oxide film and the substrate [101]. The 
dense film containing Y2O3, Al2O3 and Li2CO3 can 
hinder further development of pitting corrosion. 
Similarly, the addition of Nd can also form Nd2O3 
on the surface of the alloy, change the structure of 
the corrosion film, inhibit the penetration of 
harmful ions, and improve the corrosion  
resistance [55]. The protective effect of the oxide 
film on the metal substrate is usually measured by 
Pilling−Bedworth ratio (PBR) [102]. PBR is the 
ratio of the oxide volume to consumed metal 
volume, which reflects the stress state, integrity or 

compactness of oxide film. It is generally believed 
that, when PBR>1, compressive stress exists in the 
oxide film, while tensile stress is generated in the 
oxide film at PBR<1. The greater the difference 
between PBR value and 1 is, the greater the stress  
is, and the easier it is to cause rupture of surface 
oxide film. The common compounds in Mg−Li 
alloy surface film and their PBR values are listed in 
Table 4 [22]. It can be known that, among the 
compounds containing Li, Li2CO3 and LiOH are the 
protective oxide film components. 
 
Table 4 PBRs of some chemical compounds [22] 

Compound PBR 

Li2O 0.57 

MgO 0.80 

LiOH 1.26 

Mg(OH)2 1.80 

Li2CO3 1.35 

MgCO3 2.04 

 

XU et al [32] and HOU et al [103] believed 
that the high corrosion resistance of Mg−10.95Li− 
3.29Al−0.19Zr−0.59Y alloy lies in the formation  
of a protective uniform Li2CO3 oxide film on    
the surface of the alloy. YAN et al [104,105] 
systematically investigated the compositions of 
surface films on Mg−Li(−Al−Y−Zr) alloy formed 
in the air and the aqueous solution. The surface 
cross-section prepared by focusing ion beam (FIB) 
was observed and analyzed, and the structure of the 
oxide film was characterized by glow discharge 
optical emission spectroscopy (GD-OES). A 
complex and multi-layer surface film forms   
upon Mg−Li(−Al−Y−Zr) alloy, mainly containing 
Li2CO3 and Mg(OH)2. Li is distributed in the entire 
surface film, and the concentration is higher in the 
outer layer with a relatively porous layer. The 
Li-containing compounds in the inner layer are 
mixed with products to form a relatively dense layer, 
which improves the corrosion resistance, as shown 
in Fig. 11 [104]. By means of in-situ surface 
analysis of the alloy immersed in aqueous solution, 
it can be found the Li-doped MgO film with about 
100 nm is formed to inhibit the transformation of 
MgO into Mg(OH)2, which increases the chemical 
stability of the surface film by completing the 
charge compensation of the polar surfaces and point 
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Fig. 11 Bright field TEM image of cross-sectional surface lamella from Mg−Li(−Al−Y−Zr) alloy following 24 h of 

immersion in 0.1 mol/L NaCl and exposure to air for 7 d (a), and SAED patterns collected from positions marked as “1” 

(b) and “2” (c) in (a), respectively [104]  

 
defects. Additionally, the generated Li−Al-LDH 
(Li2[Al2(OH)6]2ꞏCO3ꞏnH2O) also inhibited cathodic 
activation and reduced corrosion rate [33]. 

It has been recognized that Li2CO3 in the 
surface film plays a role in corrosion resistance. It 
is readily formed under the exposure to CO2 in the 
air. In aqueous solutions, the main products are 
oxides and hydroxides of Mg and Li, so that the 
role of the existence and diffusion of Li on      
the stability of these products deserves more 
investigations. In addition, the influence mechanism 
of rare earth elements on oxides and corrosion 
resistance of Mg−Li alloys needs to be further 
researched in detail. Presently, advanced detection 
and analysis techniques make it possible to 
investigate the reaction processes in situ and at a 
much smaller scale. 
 
3.6 Other factors 

Dislocation and stress in the corrosion of Mg 
alloys have been identified as potentially important 
factors [106]. Dislocation means the crystallo- 
graphic defects and distortions. The atoms at 
dislocations are more susceptible to corrosion. 
Therefore, a higher dislocation density increases the 
anodic dissolution of Mg alloys and reduces the 
equilibrium potential near the dislocations, leading 
to the passive film unstable and easy to be 

destroyed. Dislocation plugging at the grain 
boundary causes the grain boundary to be easily 
damaged at initial corrosion. VAUGHAN et al [107] 
found that the corrosion of ECAP-processed Mg 
alloy accelerates due to uneven anodic shear zones, 
where a large number of fine grains and precipitates 
concentrate. For residual stress, the residual tensile 
stress is unfavorable to the corrosion resistance of 
Mg alloy, while the residual compressive stress can 
improve the corrosion resistance. This is because 
the residual compressive stress offsets part of the 
transverse tensile stress caused by the accumulation 
of corrosion products, thus slowing down the 
cracking and damage of the oxide film. 

The corrosion behavior of Mg alloys is closely 
related to the corrosive environment, and it presents 
an apparent difference in gas and solution. In 
aqueous solution, the corrosion rate of Mg−Li alloy 
is significantly changed by pH value, solution 
composition, temperature and flow rate [108]. The 
corrosion resistance of Mg−8Li alloy in the air can 
be significantly improved by increasing Al content, 
while it decreases with the increase of Al content in 
NaCl solution [109]. The corrosion rate of Mg− 
11Li−3Al−0.5RE alloy in NaCl solutions with 
different concentrations (0.01, 0.05, 0.1 and 
0.5 mol/L) at pH 9 is 203.7, 270.0, 412.6 and 
1283.6 mg/(m2ꞏh), respectively, while that at pH 12 
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is lower. With the increase of pH value, Ecorr moves 
to the positive direction and there exists obviously 
passivating stage in the process of corrosion at pH 
12, which indicates that the corrosion rate is slowed 
down [110]. WITTE et al [111] also reported that 
there was a significant difference in the corrosion 
rate of LAE442 alloy in vivo and in vitro, which is 
about 4 orders of magnitude lower in vivo than that 
in vitro. Moreover, the corrosion rate of Mg−4Li 
alloy in 0.1 mol/L NaCl, 3.5 wt.% NaCl solution 
and SBF is 1.848 mm/a (Pw) [38], 0.065 mm/a   
(PJ) [41] and 244 mm/a (PJ) [57], respectively. 
 
4 Processing methods for corrosion 

behavior of Mg−Li alloys 
 
4.1 Alloying 

Alloying is a common method to change the 
corrosion properties of Mg−Li alloys. On the one 
hand, alloying elements affect the composition and 
structure of surface oxide film during corrosion, for 
the reason that the oxide/hydroxide formed on the 
surface of Mg cannot provide passivation effect like 
Al and Cr oxides. By adding Al, rare earth and 
other alloying elements, the oxides, such as Al2O3, 
Y2O3 and Nd2O3, are expected to make the surface 
film compact and uniform, and play a stable, 
sustainable and repairable protective role. On    
the other hand, the addition of alloying elements 
changes the microstructure of the alloy, which 
mainly affects the corrosion kinetics of the Mg  
alloy. The solid solubility of alloying elements in 
Mg determines to form Mg-based solid solutions, 
intermetallic compound phases or impurity particles, 
which have an important impact on the corrosion 
performance of Mg alloys [48]. 
4.1.1 Impurity element of Fe 

The influence of impurity elements on the 
corrosion resistance of Mg−Li alloys quite differs 
from that in conventional Mg alloys. For Mg alloys, 
minute iron element deteriorates the corrosion 
resistance of Mg alloy and there is a threshold 
concentration, that is, the corrosion rate increases 
rapidly when the content of iron element exceeds 
0.016%. However, in LA141 alloy [112], the 
corrosion rate increases linearly with increasing Fe 
content without threshold. The absolute value of 
corrosion rate of LA141 alloy with trace amounts of 
Fe is not remarkably higher compared to 
commercial hcp-structured Mg alloys. 

4.1.2 Common elements 
Al, Zn and Ca are common alloying elements 

added in Mg−Li alloys. Al dissolved in Mg−Li 
alloys will increase the hydrogen overvoltage of the 
alloy and improve the structure and composition of 
the oxide film. The degradation rate of LAZ631 
alloy with high Al content is slower than that of 
LAZ611 alloy in vivo, mainly because the increase 
of Al content forms a more stable layer, which is 
conducive to passivation of the surface [113]. When 
adding a bit of Al, it is observed that the dendrite 
crystals transform to equiaxial crystals and the grain 
size is obviously reduced [114]. With the increase 
of Al content, more Mg17Al12 and AlLi phases form 
micro-galvanic couples with the matrix to 
accelerate corrosion. When different contents of Al 
are added to Mg−14Li alloy, the volume fraction of 
AlLi phase increases with the formation of a 
network at the grain boundary, and the corrosion 
rate decreases firstly and then increases [84]. LV  
et al [115] revealed that Mg−8Li−3Al−1Zn 
electrode has a more positive corrosion potential 
and a smaller corrosion current density than 
Mg−8Li−3Al−0.5Zn electrode in 0.7 mol/L NaCl 
solution, due to fine and uniform products on the 
surface. The addition of Ca to Mg−4Li [55], 
Mg−7Li−3Al [116] and Mg−14Li [117] reduces the 
grain size and improves the corrosion resistance. 
However, as the content of Ca increases, the 
(Mg,Al)2Ca phase will accelerate the galvanic 
corrosion. 
4.1.3 Rare elements 

The addition of rare elements (RE) to Mg−Li 
alloys can bring about many advantages, such as 
purification of melt, grain refinement, reduction of 
the potential difference between the second phase 
and the matrix, and modification of the composition 
and structure of the surface film. Y has the same 
standard electrode potential (−2.372 V (vs SCE)) as 
Mg, and a dense layer of Y2O3 can be generated on 
the alloy surface, causing the improvement of 
corrosion resistance [118]. The addition of Y to 
Mg−8Li−3Al−2Zn alloy promotes to form Al2Y 
phase at the grain boundaries, changing the shape of 
α-Mg from long needles to round ones, and 
reducing the amount of AlLi phase. Since the 
potential difference between Al2Y phase and β-Li 
phase is greater than that between α-Mg phase and 
β-Li phase, the galvanic corrosion between β-Li 
phase and α-Mg phase is inhibited, and the 
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corrosion inside β-Li phase is weakened by the 
reduction of AlLi phase amount. The corrosion 
current densities of LAZ832 and LAZ832-1.5Y 
alloys are 83.757×10−6 and 21.065×10−6 A/cm2, 
respectively, indicating that the corrosion rate is 
significantly reduced due to the addition of Y [86]. 
The diffusion of Al and Y atoms in the Al2Y/LA143 
composite promotes the formation of Al2O3 and 
Y2O3, prevents the diffusion of Cl− ions to the 
matrix, and reduces the long-term corrosion rate of 
the alloy [101]. Sn and Y reduce the grain size and 
the formation of AlLi phase in Mg−5Li−3Al−2Zn 
alloy, resulting in shallower corrosion pits and 
cracks, as well as smaller corrosion current of 
9.304×10−5 A/cm2 [85]. 

Similarly, Ce [119], Nd [56] and Gd [90] are 
conducive to the formation of the second phase of 
Al2(Ce,Nd,Gd) in Mg−Li−Al alloys, which also 
play role in refining the grains, inhibiting the 
precipitation of AlLi and MgLi2Al compounds, and 
weakening the micro-galvanic corrosion between 
β-Li phase and Al-rich particles. Rare earth 
elements also affect the corrosion performance and 
discharge performance of Mg−Li alloys as battery 
anode materials. The addition of Y [120,121] and 
La [122] can improve the electrochemical activity 
and corrosion resistance of the alloy, thus 
improving the performance of the battery. 
4.1.4 Other elements 

Mn can purify Fe impurities and effectively 
refine the grains and the second phase. The addition 
of Mn to the Mg89−xY4Zn2Li5Mnx alloy makes the 
corrosion potential more positive, with the current 
density of the cathode branch significantly reducing 
and the anode branch having a tendency of pseudo 
passivation [123]. The corrosion rate of Mg−Li−Sn 
alloy is related to the content of Sn in the matrix 
and the amount of Mg2Sn phase [85]. The dissolved 
Sn participates to form the oxide film, while Mg2Sn 
promotes pitting and filiform corrosion with 
accelerating the corrosion rate. Zr, with a low solid 
solubility (0.73 at.%) in Mg alloys, does not form 
intermetallic phases with Mg [124]. So, the addition 
of Zr usually aims to refine the grains. Excessive Zr 
increases the Zr-containing particles at the grain 
boundary, resulting in micro-galvanic corrosion 
with the surrounding Mg matrix and damaging the 
surface protective oxide film. The so-called 
cathodic poisons, such as As, Ge, and Sn, slow 
down the hydrogen evolution reaction by inhibiting 

the formation of H2 at the cathode. A small amount 
of Ge in Mg−11Li−xGe (x=0, 0.3, 0.5 wt.%) alloy 
improves the corrosion resistance of the alloy by 
reducing the cathode dynamics and promoting   
the formation of pseudo-passivation film on the 
surface [125]. 

Generally, the corrosion rate of Mg alloys is 
higher than that of pure Mg with the value of 
0.3 mm/a. When lithium is added, the corrosion rate 
of Mg−Li alloy is much higher than that of pure  
Mg. Here, it is indicated that how other alloying 
elements affect the microstructure and corrosion 
behavior of Mg−Li alloys as the substrate. Aiming 
at improving the corrosion resistance of Mg−Li 
alloys, it is suggested that alloying elements should 
be in favor of forming a second phase with a small 
potential difference and accelerating a protective 
film. It is shown that, when multiple alloying 
elements are added to Mg−Li alloy at the same time, 
there are differences among the influence on 
corrosion behavior. As reported, the sequence of 
alloying elements affecting the corrosion resistance 
of the Mg−Li−Al−(Y) alloys is Al>Li>Y [126]. 
 
4.2 Deformation 

Extrusion, rolling, severe plastic deformation 
and other mechanical deformations can change the 
microstructure of the Mg−Li alloy, and then affect 
the corrosion behaviors. Mechanical deformation 
causes modifications in the microstructure such as 
grains, second phases, dislocations and twins, 
which have inconsistent effects on the corrosion 
rates of different Mg alloys. CAO et al [127] 
reported the corrosion properties of hot-rolled 
Mg−X alloys (X=Gd, Ca, Al, Mn, Sn, Sr, Nd, La, 
Ce, Zr or Si) and suggested that the corrosion rate 
of most Mg−X alloys decreases after hot rolling due 
to the obvious refinement and uniform distribution 
of the second phase, but the iron-rich phase formed 
on the rolled surface increases the corrosion rate of 
Mg−0.1Zr and Mg−0.3Si alloys after hot rolling. 
The corrosion rate of AZ31 alloy increases 
significantly after equal channel extrusion due to 
the existence of high density of dislocations and 
twins [128]. 

During the plastic deformation process, 
recrystallization occurs to produce fine grains and 
the distribution of the second phase is changed. It is 
conducive to improving the corrosion resistance  
as result of a more uniform microstructure. The 
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dynamic recrystallization of Mg−4Li−1Ca alloy 
occurs during hot rolling, reducing the grain size 
from 100 to 5 μm. The fine and uniformly 
distributed Mg2Ca phases increase the number of 
corrosion sites evenly so that the corrosion type 
changes from local corrosion to uniform corrosion, 
thus improving the corrosion resistance of the   
alloy in SBF [57]. The better corrosion resistance  
of as-extruded Mg−11Li−3Al−2Zn−1.5Nd−0.2Zr 
alloy [129] and Mg−9Li−3Al−1.6Y alloy [58] can 
be also attributed to the grain refinement and the 
uniform distribution of intermetallic phases. As for 
the grain refinement of Mg−Li alloy during 
deformation process, it is suggested that high- 
density dislocations accumulate near the second 
phase particles to form crystal nuclei. In the 
meantime, the second phase particles hinder the 
growth of the grains, so as to produce fine 
recrystallized grains, which reduces the energy 
storage and dislocation density of the alloy. Hot- 
rolled Mg−Li alloy generates strong basal texture 
parallel to the rolling surface, which reduces the 
corrosion rate of the alloy. XIANG et al [65] 
studied the microstructures and corrosion properties 
of LA51 plates with different rolling reductions   
(0, 5%, 10%, 15% and 20%). The crystal plane of 
more grains parallel to the rolling surface is closer 
to the (0001) base plane when the reduction is 5% 
and 10%, leading to higher corrosion resistance. 
When the rolling reduction is 15% and 20%, the 
corrosion resistance of the alloy is improved 
because more (10 12)  extension twins are 
generated, which accelerates the formation of 
surface oxide film and increases the charge transfer 
resistance. After cross-cold rolling of Mg−Li−Ca, 
dense and uniform corrosion products are formed 
on the surface, which significantly reduces the 
corrosion rate [59]. 

However, the plastic deformation can also 
introduce a large number of dislocations and strains 
in Mg−Li alloys, where corrosion damage easily 
happens. It has been found that the exfoliation 
corrosion occurred in the cold-rolled Mg− 
14Li−1Al [130], cold-rolled Mg−14Li−3Al [131], 
extruded Mg−Li−Ca [132] and ECAP Mg−14Li− 
1Al alloys [63]. The Mg−Li alloy possesses flat and 
slend grains along the rolling surface during the 
cold rolling process. Once the as-rolled alloy suffers 
pitting corrosion after the rupture of oxide film in 
the corrosive solution, the corrosion expands along 

the grain boundary and produces micro cracks, 
resulting in delamination along the rolling plane, 
that is, exfoliation corrosion. The exfoliation 
corrosion becomes more obvious when the rolling 
reduction increases, while the existence of equiaxial 
grains delays the initiation of cracks [131]. After 
annealing, the elongated grains are transformed into 
uniform equiaxial grains, so exfoliation corrosion is 
suppressed. DING et al [63] elaborated on the 
exfoliation corrosion mechanism of the extruded 
Mg−1Li−1Ca alloy, and concluded that the 
exfoliation corrosion of the extruded alloy is a 
synergistic effect of pitting, filamentous corrosion, 
intergranular corrosion and stress corrosion. As 
shown in Fig. 12 [63], firstly, the differences of 
grain size and stress distribution between the outer 
and inner layers promote the galvanic corrosion, 
then the galvanic corrosion of Mg2Ca/Mg occurs. 
As the corrosion develops along the filiform trace, 
corrosion products, such as magnesium hydroxide, 
calcium hydroxide and lithium carbonate, are 
accumulated in the cracks, resulting in a wedge 
effect. Therefore, the exfoliation corrosion of 
extruded Mg−Li−Ca alloy starts at the Mg2Ca 
particles and propagates along the extrusion 
direction or partly along the grain boundaries. In 
addition, as the rolling ratio increases from 3 to 10, 
the α-Mg phase is elongated and broken, which 
increases the amount of α-Mg/β-Li interfaces [19]. 
When the rolling ratio is 10, there are more micro 
couples and the area fraction of β-Li phase 
increases, leading to decreased corrosion resistance. 
 

4.3 Heat treatment 
Heat treatment can significantly affect the 

corrosion type and corrosion rate. Generally, heat 
treatment can accelerate the diffusion of atoms in 
the alloy, promote the dissolution or precipitation  
of the second phase, and cause changes in stress. 
Heat treatment in Mg alloys generally affects the 
corrosion rate of the alloy by changing the number 
and distribution of the second phase. When the 
second phase dissolves in the matrix or forms a 
continuous network corrosion barrier after solution 
treatment, the corrosion will be delayed. However, 
the precipitation of iron-rich cathodic phase by heat 
treatment can significantly increase the corrosion 
rate of the alloy. LIU et al [133] transformed the 
β-(Mg,Zn)3Gd eutectic phase in the as-cast Mg− 
15Gd−2Zn−0.39 Zr alloy into a LPSO phase by  
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Fig. 12 Schematic illustration of exfoliation corrosion mechanism: (a) Macro-galvanic corrosion between skin layer and 

interior zone; (b) Micro-galvanic corrosion between Mg2Ca and α-Mg; (c) Wedge effect and hydrogen blistering during 

exfoliation corrosion; (d) Pitting corrosion and filiform corrosion [63] 

 

solid solution and aging. Because the local potential 
and volume fraction of the LPSO phase are 
significantly lower than those of the eutectic phase, 
the micro-galvanic corrosion between the second 
phase and the matrix is obviously reduced. 

In Mg−Li alloy, solution, aging and annealing 
after deformation can significantly affect the 
corrosion behavior of the alloy. When Mg−8Li− 
4Y−2Er−2Zn−0.6Zr alloy is treated at 450 °C for 
6 h, the fishbone-like second phase at the grain 
boundary and the granular second phase within the 
grains disappear, and the block-shaped second 
phases form [134]. In Mg−Li−Al alloys, solution 
treatment can promote the dissolution of AlLi phase 
and increase the content of Al in the matrix. During 
aging, MgLi2Al firstly precipitates from the  
matrix and then easily decomposes into AlLi and 
β-Li phases [135]. With the increase of aging time 
and temperature, the number of AlLi phase 
increases. As for the as-cast Mg−9Li alloy, after   
it is heated at 575 °C for 4.5 h, and then rapidly 

immersed in ice water mixture for quenching, due 
to the rapid bcc/hcp phase transition, the original 
bulk phase is completely transformed into fine 
needle-like phases, which is evenly distributed in 
the matrix [83]. This kind of microstructure can 
promote the surface film formed on the β-Li phase 
to completely cover the entire surface of the alloy to 
mitigate corrosion. In addition, due to insufficient 
atom diffusion during solid solution, there is a  
small difference in elemental concentration and 
electrochemical activity between α-Mg phase and 
β-Li phase, which reduces the pitting corrosion 
sensitivity and improves the corrosion resistance of 
the alloy. YU et al [61] compared the corrosion 
behavior of Mg−9Li−3Al−2.5Sr alloys at different 
aging temperatures and stated that the alloys aged at 
150 °C for 6 h have the highest corrosion resistance, 
mainly because the aging temperature promotes  
the Al4Sr phase evenly distributing along the   
grain boundary, which hinders further damage of 
corrosion. The corrosion resistance of Mg−Li alloy 
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can be enhanced by short time annealing at low 
temperature after extrusion or rolling. After being 
annealed at 200 °C for 1 h, incomplete dynamic 
recrystallization occurs in the cold-rolled LZ91 
sheet driven by the large deformation energy and 
thermal energy stored in cold rolling [136]. The 
refined grains and the stable microstructure make 
the least corrosion pits and the least corrosion 
current density. The corrosion resistance of 
as-extruded Mg−7.5Li−3Al−1Zn alloy can be 
improved by annealing treatment, mainly because 
Li atom diffuses more rapidly, leading to the 
relative content of α-Mg phase and β-Li phase 
changing [137,138]. When the volume of β-Li 
increases from 29% to 35%, the area ratio of the 
cathode to the anode for galvanic corrosion is 
reduced, thereby effectively reducing the corrosion 
current. 

It can be concluded from the above discussion 
that the change of grain size through heat treatment 
has little effect on the corrosion resistance of 
Mg−Li alloy, so the effect of the second phase on 
the corrosion is mainly concerned. Dissolving 
harmful second phases through solid solution 
treatment, precipitating favorable second phases 
through aging, and reducing defects through 
annealing treatment are the main ways for 
improving corrosion resistance of Mg−Li alloys. 
 
5 Summary and outlook 
 

There have been a considerable number of 
researches on the corrosion and protection of 
Mg−Li alloy. The literature on the corrosion 
behavior and influencing factors of Mg−Li alloy 
allows us to understand the corrosion mechanism 
more comprehensively and see the existing 
problems more clearly. The summary and outlook 
mentioned above are as follows. 

(1) The corrosion behavior of Mg−Li alloy 
mainly varies with the Li content in the alloy, rather 
than with the crystal structure of HCP or BCC. 
Therefore, in order to investigate different corrosion 
behaviors of Mg−Li alloy from those of traditional 
Mg alloys, the corrosion characteristics and 
mechanism of the Mg−Li alloy with high Li content 
should be selected for the study. 

(2) From the analysis of grain size, orientation 
and second phase, it can be inferred that the 
influence of the second phase is dominant. Hence, 

the corrosion resistance can be improved by 
reducing the content of the second phase in cathode 
and optimizing the distribution of the second phase. 

(3) The addition of Li changes the composition 
and structure of the surface film of the Mg−Li 
alloys. In addition to Li2CO3, the chemical stability 
of the oxide film affected by the rapidly diffused Li 
should also be considered. 

(4) Fine and uniform microstructure obtained 
by alloying, deformation and heat treatment can not 
only promote uniform corrosion, but also promote 
the formation of surface film, thus improving the 
corrosion resistance. 

(5) The initial corrosion of Mg−Li alloy is 
mainly affected by the microstructure, such as the 
grain, and the second phase. The surface film  
often influences the long time corrosion behavior 
and average corrosion rate. In addition, the 
microstructure also affects the formation and 
structure of the surface film. 

(6) The use of modern electrochemical 
methods and in situ techniques is conducive to the 
study of corrosion behavior and mechanism in a 
real corrosion environment, which promotes a 
deeper and more detailed study of corrosion 
behavior. 
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摘  要：镁锂合金耐蚀性差是制约其广泛应用的关键问题。本文在总结大量镁锂合金腐蚀行为研究的基础上，阐

述镁锂合金腐蚀行为的影响因素和提高其耐蚀性的加工工艺。首先，介绍镁锂合金的腐蚀特点；然后，重点解释

晶粒尺寸、晶粒取向、第二相和表面膜对腐蚀行为的影响规律，并通过合金化、塑性变形和热处理工艺改变镁锂

合金腐蚀性能。进一步深入讨论镁锂合金的腐蚀机理；最后，提出针对提高镁锂合金耐蚀性应重点关注的方面。 

关键词：镁锂合金；腐蚀行为；显微组织；表面膜；合金化；塑性变形；热处理 
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