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Microstructure of corrosion product film formed on aged WE43 alloy 
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Abstract: A dense three-layer corrosion product film was formed on aged WE43 alloy in 3.5 wt.% NaCl solution. The 
microstructure of the film was analyzed in detail by TEM. The three-layer corrosion product film is composed of RE2O3, 
MgO layer doped with RE2O3 and Mg(OH)2 layer doped with RE2O3 from the inside to the outside. A large amount of 
rare earth oxide particles formed both by the outward oxidation of rare earth precipitates and rare earth elements, are the 
main reason for the formation of the corrosion film. The RE2O3 has the preferential orientation with (2�11) plane and 
[231] direction parallel to (002) plane and [1�1�0] direction of MgO, respectively. Thus, the rare earth oxide particles can 
fill the gap of porous MgO layer, and improve the compactness of the film. The inner RE2O3 layer and mixed layer of 
MgO and RE2O3 play an important role in the formation of the film. The compact inner film can prevent the corrosion 
medium from reacting with the Mg matrix. 
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1 Introduction 
 

Magnesium alloys are promising structural 
materials in transportation and aerospace industries 
because of their properties of high specific strength 
and high specific stiffness [1,2]. In addition, 
magnesium is a beneficial element that does not 
disrupt metabolic processes, making it suitable for 
body implants [3]. Since magnesium alloys are 
chemically active and have a high affinity for 
oxygen, the relatively poor corrosion resistance is 
an important issue preventing the widespread 
application. The corrosion resistance of magnesium 
alloys is governed by alloying elements, micro- 
structure and corrosion film [4−6]. A lot of 

fundamental corrosion investigations in the past 
decade have involved the surface film formed on 
pure magnesium and magnesium alloys. For pure 
magnesium, the corrosion film has a bi-layered 
structure composed of Mg(OH)2 outer layer and 
MgO inner layer [7−9]. TAHERI et al [10] further 
revealed that the surface film of pure magnesium is 
a diffuse bi-layer structure, and the Mg(OH)2-rich 
outer layer is relatively thick (~700 nm) and less 
porous while the nano-crystalline MgO-rich inner 
layer is much thinner (50−90 nm) and more porous 
by the transmission electron microscope (TEM). 
For magnesium alloys, the surface film has similar 
bi-layered structure [9,11,12]. However, there is no 
enrichment of alloy elements in the film for AZ 
series magnesium alloys [13,14], while rare earth 
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elements are found to incorporate into the film from 
the matrix in rare earth containing magnesium 
alloys [5]. It is interesting to note that even if the 
alloying elements are present inside the corrosion 
film, the film structure does not change 
significantly compared with the film in pure 
magnesium immersed in NaCl solution [5]. We 
reported that the corrosion rate of aged WE43 alloy 
was lower than that of solid solution treatment (T4) 
condition in 3.5 wt.% NaCl solution, and this is 
caused by the interaction between finely dispersed 
precipitates and the inward growth of corrosion 
reaction. CHU and MARQUIS [5] pointed out that 
the precipitated phases did not undergo anodic 
dissolution, but only hindered the channel of the 
corrosive medium into the magnesium matrix. 
However, LIU et al [15] demonstrated that for   
the Y-containing precipitates, anodic dissolution 
preferentially occurred, which led to the formation 
of Y-containing corrosion film. Therefore, it is 
controversial whether the anodic dissolution of  
rare earth precipitates promotes the formation of 
corrosion product film in the corrosion behavior of 
magnesium alloys during internal oxidation, which 
needs further experimental demonstration. 

Among all rare earth magnesium alloys, WE43 
alloy maintains excellent mechanical properties and 
heat resistance [16], which is a very successful 
commercial rare earth magnesium alloy [17]. Up  
to now, a large number of studies have reported  
the immersion corrosion behavior of WE43    
alloy [18−22]. Most of the previous studies 
discussed the corrosion behavior of WE43 alloy 
under different experimental conditions. However, 
the direct imaging of the surface film on the 
cross-section is absent, especially the detailed 
characterization of corrosion film. Thus, analyzing 
the corrosion film formed on aged WE43 alloy in 
3.5 wt.% NaCl solution was carried out in this  
work, in order to elucidate the formation process of 
the corrosion product film and reveal the role of the 
precipitates in the film. 
 
2 Experimental  
 

The chemical composition of WE43 alloy in 
this work was determined to be Mg−3.71Y− 
1.35Gd−2.08Nd−0.58Zr (wt.%) by the inductively 
coupled plasma−atomic emission spectrometry 
(ICP−AES). After milling, rectangular WE43 plates 

(50 mm in length, 30 mm in width and 5 mm in 
thickness) were yielded and treated by solid 
solution (T4: alloy solution treatment for 8 h at 
525 °C), followed by aging treatment (T6: aging  
for 16 h at 250 °C) [23]. All specimens were  
ground using 400#, 800#, 1200#, 2000#, 3000#, and 
5000# SiC sandpapers. Then, the surface was 
mechanically polished with 1.0 μm diamond 
polishing paste and ultrasonically cleaned with 
anhydrous ethanol. The local alternating current 
impedance (LEIS) was measured in the microscopic 
electrochemical test in order to prove preferential 
anodic dissolution of the precipitates. The LEIS test 
area was 30 μm × 30 μm and the test solution was 
that the neutral 3.5 wt.% NaCl aqueous solution 
was diluted 1000 times with deionized water, that  
is, the solution concentration was 0.0035 wt.% 
NaCl, in order to slow down the corrosion process 
and provide sufficient time for LEIS detection. The 
parameters for measuring the LEIS were scanning 
speed of 1 μm/s, test frequency of 10−0.1 Hz and 
AC signal of 20 mV. The samples were immersed in 
3.5 wt.% NaCl solution for 24 h to obtain corrosion 
film for further microstructure observation. 

The microstructure of the cross-sectional 
morphologies was determined by a JEM−2100F 
transmission electron microscope (TEM). The aged 
sample after immersing in the neutral 3.5 wt.% 
NaCl aqueous solution with pH value of 7 for 24 h 
was fabricated to semi-circles of d3 mm × 0.5 mm 
by wire cutting. The sample edge with oxide   
film was glued together into a complete d3 mm × 
0.5 mm wafer. The copper ring was pasted on the 
wafer with an outer diameter of 3 mm, an inner 
diameter of 1.5 mm, and a thickness of 30 μm. The 
wafer stuck together by glue was easily separated 
into two halves during grinding process. The copper 
ring can be fixed to the wafer without being 
separated into two halves. The wafer was ground 
successively with SiC sandpapers until the 
thickness of the sample was 30 μm. A Gatan 691 
ion beam thinning apparatus was used to obtain the 
thin area needed for JEM−2100F TEM experiment. 
 
3 Results 
 

Figures 1(a, b) show the cross-sectional SEM 
morphologies of the corrosion product film of the 
solutionized and aged WE43 alloys, respectively. 
Compared with the solutionized alloy, the layer of 
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Fig. 1 Cross-sectional SEM morphologies (a, b) and EDS compositional profiles (c, d) of corrosion film of solutionized 
(a, c) and aged (b, d) WE43 alloys, morphology of sample for LEIS test (e) (The orange dotted box represents the test 
area of aged WE43 alloy), and LEIS local impedance spectrum (f) of test area in (e) 
 
the aged alloy is much more compact and the 
thickness is reduced by about half. The aged   
alloy exhibits better corrosion resistance. The EDS 
line scanning is conducted to investigate the 
composition evolution of the corrosion product film 
along depth direction. As shown in Fig. 1(c), for the 
solutionized alloy, the content of O and Mg is 
61.5 at.% and 29.8 at.% in the outer layer and 
41.5 at.% and 40.4 at.% in the inner layer, 
respectively. The O/Mg molar ratio is about 2:1 in 
the outer layer and 1:1 in the inner layer. By 
comparing the EDS line scanning results of     
the corrosion film of the solutionized WE43   

alloy in 3.5 wt.% NaCl solution by CHU and    
MARQUIS [5], it can be determined that the film in 
this work is also divided into two layers: thick  
outer layer Mg(OH)2 and thin inner layer MgO. In 
addition, the content of rare earth elements in the 
film is the same as that in the matrix, indicating that 
no obvious outward diffusion of rare earth elements 
occurs during inward corrosion reaction. For the 
aged sample, a large number of fine dispersed 
precipitates appear in the corrosion film, similar to 
those in the matrix (Fig. 1(b)). As shown in 
Fig. 1(d), the content of O and Mg is 41.2 at.% and 
44.6 at.% in the outer layer and 18.9 at.% and 
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57.8 at.% in the inner layer, respectively. The O/Mg 
molar ratio in the outer layer is almost equal, but 
the Mg atomic number in the inner layer is greater 
than that of O. The content of rare earth elements in 
the corrosion film is higher than that in the matrix, 
and the content in the inner layer is the highest. 
This may be due to the anodic dissolution of 
precipitates β-Mg14(Nd,Gd)2Y in the film and 
outward oxidation of rare earth elements during 
corrosion process. To demonstrate that dispersed 
precipitates are involved in the corrosion process, 
LEIS is conducted to characterize the local 
impedance spectrum in the grain. As shown in 
Figs. 1(e, f), dispersed impedance peaks appear in 
the test area. The precipitates preferentially dissolve 
anodically to form rare earth oxides, resulting in an 
increase in local impedance values. The corrosion 
film in the aged alloy is much more compact than 
that in solutionized alloy (Figs. 1(a, b)). Therefore, 
it is speculated that rare earth oxides are involved in 
the formation of corrosion product film in the aged 
WE43 alloy. 

TEM is used to further explore the corrosion 
product film structure (Fig. 2). Compared with the 
matrix, there are more particles in the film 
(Fig. 2(a)). As far as we know, the precipitates in 
WE43 alloy cannot be formed by atomic diffusion 

at room temperature, so these particles are formed 
through the outward oxidation of β-Mg14(Nd,Gd)2Y 
precipitates. The EDS mappings (Figs. 2(b−f)) 
show the distribution of Mg, O and RE elements. 
The Analysis Station software is used to analyze the 
content of rare earth elements. The results show that 
the content of rare earth elements is 4.06 at.% in the 
corrosion product film and is 2.04 at.% in the 
matrix. The higher content of rare earth elements  
in the film is consistent with the results in  
Fig. 1(d). Therefore, not only the inward oxidation 
of Mg [5,13,24], but also the outward oxidation of 
rare earth elements take place in the aged alloy 
during oxidation process. 

Figure 3(a) shows the HRTEM image of the 
interface between film and Mg matrix of the aged 
alloy. Obviously, the film contains various grain- 
oriented oxide nanocrystals (white dot region). The 
SAED pattern of the film shows the characteristics 
of polycrystalline diffraction rings (Fig. 3(b)), 
which also confirms that the film is polycrystalline. 
Through the calibration of the diffraction rings, it 
can be found that the film contains MgO and rare 
earth oxides (Y2O3, Nd2O3, Gd2O3). Figure 3(c) 
shows the FFT pattern and the pattern is calibrated 
as Mg matrix. The crystal spacing is calibrated by 
Digital Micrograph (DM) software. The G3 region 

 

 
Fig. 2 Scanning transmission electron microscopy (STEM) image (a), and corresponding elemental mappings of Mg (b), 
O (c), Y (d), Nd (e) and Gd (f) of corrosion product film on aged WE43 alloy 
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in Fig. 3(a) is Mg matrix, and the G1 and G2 
nanocrystals are cubic crystalline Y2O3 and MgO, 
respectively. Interestingly, these oxidized nano- 
crystals are embedded in the G3 matrix region, 
indicating the phenomena: (1) oxygen inward 
diffusion into the Mg matrix; (2) rare earth oxides 
forming at the oxidation front of the film. This also 
confirms from the atomic scale that the corrosion 
product film grows inward and the chemical 
activity of rare earth elements is higher than that of 
Mg, leading to the preferential loss of electrons and 

the oxidation reaction. It should be noted that more 
precipitates in the film in Fig. 2(a) are actually rare 
earth oxides doped in the film. 

The doping mode of rare earth oxides in the 
film is further studied by HRTEM. As shown in 
Fig. 4(a), cubic crystalline MgO grains with 
different orientations are distributed around the 
cubic crystalline Y2O3 grain. As mentioned above, 
due to the inward growth of the layer, the growth 
direction of the film is from top to bottom in the 
HRTEM image. The region of orange dotted box 

 

 
Fig. 3 High-resolution transmission electron microscopy (HRTEM) image of interface between film and Mg matrix of 
aged alloy: (a) Bright field image; (b) Selected area electron diffraction (SAED) pattern of corrosion product film;    
(c) Fast Furious transform (FFT) map of Mg matrix (G1, G2 and G3 are HRTEM images of Y2O3, MgO and Mg matrix, 
respectively) 
 

 

Fig. 4 HRTEM image of corrosion product film (a), and inverse fast Furious transform (IFFT) map (b) of orange dotted 
box in (a) 
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contains MgO (002), MgO (111) and Y2O3 (2�11) 
grains. The FFT patterns for the solid line box 
suggest that the Y2O3 has the relationship (2�11)Y2O3// 
(002)MgO and [231]Y2O3//[1�1�0]MgO with MgO. The 
IFFT of the dotted box region is performed by  
DM software (Fig. 4(b)). It shows the structural 
misfits accommodated by defects and distortions. 
The (2�11) plane of Y2O3 grows coherently along  
the (002) plane of MgO, showing low mismatch 
with MgO grains. Therefore, Y2O3 is prone to  
grow and fill the gap between MgO grains. This   
is the essential reason that rare earth oxides     
can promote the formation of corrosion product 
film. 
 
4 Discussion 
 

It is confirmed that film growth mechanism is 
dominated by inward transport of oxygen and 
hydrogen diffusion rather than by outward diffusion 
in Mg alloys [25]. In addition, the inner MgO layer 
is formed by anodic oxidation and the outer 
Mg(OH)2 layer is formed by the hydration of    
the inner MgO layer [5]. Figure 5(a, b) show the 
schematic diagrams of the microstructure evolution 

and formation mechanism of the film. The Pilling− 
Bedworth ratio (PBR) value of Mg oxide is    
0.81 [26], which could not form a dense film. 
TAHERI et al [10] also pointed out that the inner 
MgO layer in the corrosion film of pure Mg      
is porous. However, CHU and MARQUIS [5] 
observed that the inner layer is dense in the 
corrosion film of aged WE43 alloy by TEM, which 
is consistent with the observation results in this 
work. The inner MgO layer is related to rare earth 
oxides. The PBR of the oxides formed from the 
precipitated phases in Mg alloys was introduced in 
detail by JIANG et al [27]. For aged WE43 alloy, 
the PBR of rare earth oxides formed from the 
precipitate β-Mg14(Nd,Gd)2Y can be calculated by  

2 3RE O

RE
PBR

2
V

V
=                            (1) 

 
where 

2 3RE OV  is the molar volume of RE2O3 and 
VRE is the volume of RE atoms in Mg14(Nd,Gd)2Y. 
According to the data in Ref. [27], the molar 
volume of Y2O3, Gd2O3 and Nd2O3 is 45.0719, 
48.9201 and 46.4738 cm3/mol, respectively. Because 
each RE2O3 molecule contains two RE atoms, 
2 mol RE atoms are considered in the calculation. 

 

 
Fig. 5 Schematic diagrams of formation mechanism and microstructure of corrosion product film on WE43 alloys:    
(a, b) Solutionized alloy; (c, d) Aged alloy 
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The density of the Mg14(Nd,Gd)2Y unit cell is 
2.8536 g/cm3 according to the XRD card. The 
molar mass of the precipitate is 730.667 g/mol. 
Therefore, the molar volume of Mg14(Nd,Gd)2Y is 
calculated to be 256.0510 cm3/mol. According to 
the data in Ref. [27], the molar volume of Mg is 
13.9845 cm3/mol. The two molar volumes of RE 
atoms in Mg14(Nd,Gd)2Y unit cell are calculated via 
the following formula [27,28]:  
VRE=Vprecipitate−14VMg                                   (2)  
where Vprecipitate and VMg are the molar volumes of 
Mg14(Nd,Gd)2Y and Mg, respectively. The molar 
volume of RE atoms is calculated to be 
120.536 cm3/mol. According Eq. (1), the PBR  
value of rare earth oxides formed from the 
precipitate Mg14(Nd,Gd)2Y can be calculated to be 
1.1653, which means that the anodic oxidation film 
is a compact film. Not only the inward transport of 
oxygen and hydrogen diffusion, but also the 
outward oxidation of rare earth elements to the 
corrosion film takes place during the inward 
corrosion reaction. In addition, the oxidation of fine 
dispersed precipitates also leads to the formation of 
rare earth oxides in the film. HRTEM shows that 
the inner layer is mainly composed of rare earth 
oxides and MgO, and the oxidation front is rare 
earth oxides, so the corrosion product film of aged 
WE43 alloy actually is three-layer structure. 
Figures 5(c, d) show the schematic diagrams of the 
formation mechanism and microstructure of the 
three-layer film. The multilayer film is composed of 
RE2O3, MgO + RE2O3 and Mg(OH)2 + RE2O3 from 
inside to outside. The inner RE2O3 layer and MgO + 
RE2O3 layer play an important role in the formation 
of the film. The compact inner film can prevent the 
corrosion medium from reacting with Mg matrix. 
Rare earth oxides may have two formation modes. 
Rare earth elements (Y, Gd, Nd) generate RE3+ ions 
through anodic reaction, and then react with oxygen 
and hydrogen in the film to generate RE(OH)3. The 
RE(OH)3 with unstable chemical properties is easy 
to dehydrate to form stable RE2O3 [12]. Another 
reaction might be 2RE+3H2O→RE2O3+3H2, that is, 
rare earth elements react with penetrating water 
molecules. Rare earth oxides grow coherently along 
the (002) plane of MgO (Fig. 4(b)), fill the gap of 
MgO and form a dense film with PBR value of 
1.1653, which can provide good protection. 

 
5 Conclusions 
 

(1) The inward oxidation process of Mg and 
the external oxidation process of rare earth elements 
coexist in the corrosion process of aged WE43 alloy. 
The precipitates are preferentially oxidized and 
participate in the formation process of the corrosion 
film. 

(2) The dense corrosion product film formed 
on aged WE43 alloy is a three-layer structure, 
which is RE2O3, MgO layer doped with RE2O3 and 
Mg(OH)2 layer doped with RE2O3 from inside to 
outside. The PBR rate of RE2O3 layer is calculated 
to be 1.1653. The inner RE2O3 layer and MgO layer 
doped with RE2O3 play an important role in the 
formation of the film. 

(3) Rare earth oxides have the preferential 
relationship (2� 11)//(002)MgO and [231]//[1�1� 0]MgO 
with MgO. The oxide particles can fill the gap    
of porous MgO layer, which improves the 
compactness of the film and make film good 
protection. 
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时效态 WE43 合金表面腐蚀产物膜的显微组织 
 

蔡 勇 1,2，陈翌鹏 1,2，闫 宏 2,3，陈荣石 2 

 
1. 中国科学技术大学 材料科学与工程学院，沈阳 110016； 

2. 中国科学院金属研究所 师昌绪先进材料创新中心，沈阳 110016； 

3. 山东科技大学 材料科学与工程学院，青岛 266590 

 
摘  要：时效态 WE43 合金在 3.5 wt.% NaCl 溶液中形成了致密且具有 3 层结构的腐蚀产物膜。采用透射电子显

微镜分析膜层的显微组织。保护性膜层为 3 层结构，从内到外依次为 RE2O3 层、MgO 与 RE2O3 的混合层和  

Mg(OH)2 与 RE2O3 的混合层。析出相和稀土元素通过外氧化的方式形成大量稀土氧化物颗粒，这是保护性膜层形

成的主要原因。RE2O3 与 MgO 存在以下择优位向关系：(2�11)晶面和[231]晶向分别与 MgO 的(002)晶面和[110]晶

向平行。因此，稀土氧化物颗粒可以填补疏松 MgO 膜层的空隙，从而提高了膜层的致密性。内层的 RE2O3 和 MgO

与 RE2O3 的混合层对于保护性膜层的形成起到了重要作用。致密的内层腐蚀产物膜能阻止腐蚀介质与镁基体发生

反应。 

关键词：镁合金；腐蚀产物膜；高分辨透射电镜；析出相；氧化 

 (Edited by Wei-ping CHEN) 
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