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Abstract: The corrosion behaviour of Mg-3.0Nd-0.4Zr (NK30) magnesium alloy was investigated in as-cast (F), solution treated (T4) 
and peak-aged (T6) conditions in 5% NaCl solution by immersion tests and electrochemical measurements. The results of immersion 
test show that NK30 alloy exhibits better corrosion resistance in F condition than it does in the other two conditions due to the more 
compact corrosion film formed on alloy in F condition. The potentiodynamic polarization curves show that the overpotential of 
cathodic hydrogen evolution reaction on NK30-F is much higher than that on NK30-T4 and NK30-T6. The corrosion potentials of 
NK30 increase in the following order: F＜T4＜T6. The results of electrochemical impedance spectroscopy (EIS) also confirm that 
the corrosion film of NK30-F plays a more protective role than that of NK30-T4 and NK30-T6. 
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1 Introduction 
 

Magnesium alloys have been widely used in the 
automotive, aircraft and aerospace industries and the 
interest in their application is continuously increasing. 
The most common Mg alloys are those alloyed with Al 
and Mn (e.g. AM50 and AM60) or with Al and Zn (e.g. 
AZ91), whose mechanical properties and corrosion 
behaviour are well established. Other Mg alloys, which 
have good castability, high strength at high temperature 
and good creep resistance, are obtained with rare 
earth(RE) elements (chiefly WE54 and WE43 alloys)[1]. 

Although the corrosion and electrochemical 
behaviours of Mg-Al or Mg-Mn alloy have been widely 
reported[2−7], data concerning Mg-RE alloys are scarce 
[8−11]. The later data seem to indicate that, in addition to 
favourable high temperature properties, certain Mg-RE 
alloys present good corrosion resistances. UNSWORTH 
and KING[8] have shown that WE54 alloy has a 
corrosion resistance comparable to that of A356 and 
A347 Al alloys for 28 d tests in sea water. In our 
previous study[9], the corrosion resistances of Mg- 

3.0Nd-0.2Zn-0.4Zr (NZ30K) alloy in three conditions (F, 
T4 and T6) were found to decrease in the following order: 
T4＞T6＞F. To date, there is no detailed study on the 
effect of heat treatment on corrosion behaviour of 
Mg-Nd-Zr ternary alloy. In this work, the relationship 
between heat treatment and corrosion behaviour of 
Mg-3.0Nd-0.4Zr (NK30) ternary alloy was investigated. 
 
2 Experimental 
 

The preparation of NK30 was similar to that of 
NZ30K in our previous study[9]. NK30 alloy has a 
nominal composition as Nd 3.0%, Zr 0.4% and Mg 
balance. The solution treatment (T4) was performed at 
540 ℃ for 10 h in argon atmosphere and followed by 
water quenching at 25 ℃. The solution treatment alloy 
was aged artificially (T6) in an oil bath at 200 ℃ for 16 
h. The corrosion test involved 3 d of immersion in 5% 
NaCl solution at (25±2) ℃ . The specimens were 
polished with grit 1000 SiC paper before immersion test. 
At the end of the corrosion test, the corrosion products 
were removed in a chromic acid solution (200 g/L 
CrO3+10 g/L AgNO3) at 25 ℃ for 7 min and the mass 
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loss was measured. The morphologies of the corroded 
surfaces and corrosion products after immersion test 
were observed with SEM and FE-SEM, respectively. 

Electrochemical measurements were carried out 
using a PARSTAT 2273 electrochemical system in a 
corrosion cell containing 5% NaCl solution saturated 
with Mg(OH)2 using a three-electrode configuration: 
saturated calomel electrode as a reference, a platinum 
electrode as counter and the sample as working electrode. 
Polarization scan and electrochemical impedance 
spectroscopy(EIS) measurements were carried out after 
stabilization of the open circuit potential for 1h. EIS 
measurement was conducted at open circuit potential. 
The amplitude of applied alter current signal was 10 mV, 
and the measured frequency range was from 100 mHz to 
1 MHz. 
 
3 Results and discussion 
 
3.1 Microstructure 

The microstructures of NK30 alloy in as-cast (F), 
T4 and T6 conditions are shown in Fig.1. The 
microstructure of F alloy is composed of magnesium 
matrix and eutectic compound of Mg12Nd (Fig.1(a)). 
These eutectic compounds dissolve into the matrix after 
solution treatment (Fig.1(b)). The microstructure of T6 
alloy is similar to that in T4 condition due to the tiny 
particle of precipitates in NK30-T6, which can not be 
seen in SEM micrographs[12]. Similar to NZ30K alloy, 

NK30 alloy also has Zr-rich cores existing in the centre 
of most grains in T4 and T6 conditions (Figs.1(b) and 
(c)). The magnified image shows that the Zr-rich cores 
are composed of hexagonal particles (Fig.1(d)), which is 
different from that of NZ30K alloy. In T4 and T6 NZ30K 
alloy, the Zr-rich cores are composed of block-like, 
globular and rob-like particles [9]. 
 
3.2 Immersion test 
3.2.1 Corrosion of NK30 alloy 

The corrosion rates of NK30 alloy after immersion 
in 5% NaCl solution for 3 d are shown in Fig.2. It can be 
seen that the corrosion resistances of NK30 in three 
conditions decrease in the following order: F＞T4＞T6. 
The corrosion rate of NK30 alloy under F condition is 
only 44% of that for NK30-T4 or 21% of that for 
NK30-T6. 

In addition to the difference in corrosion rate, NK30 
alloy exhibits different corrosion morphologies in three 
conditions. It can be seen from Fig.3 that the entire 
surface of NK30-F is covered with a compact yellowish 
corrosion film, while localized corrosion occurs on the 
surface of NK30-T4 and NK30-T6 alloy. Localized 
corrosion pits are covered with loose and white corrosion 
products. The area of localized corrosion on NK30-T6 is 
much larger than that on NK30-T4, and the corrosion of 
NK30-T6 is more severe than that of NK30-T4. The 
surface feature of the corroded specimens is in good 
agreement with the corrosion rates of Fig.2. 

 

 
Fig.1 Scanning electron micrographs of NK30 alloy: (a) F; (b) T4; (c) T6; (d) Magnified image of Zr-rich cores in Fig.1(b) 
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Fig.2 Corrosion rate of NK30 alloy after immersion in 5% 
NaCl solution for 3 d 
 

 

Fig.3 Photographs of NK30 alloy after immersion in 5% NaCl 
solution for 3 d: (a) F; (b) T4; (c) T6 

Fig.4 shows SEM morphologies of the corroded 
surface of NK30 alloy in three conditions after 
immersion in 5% NaCl solution for 3 d and removal of 
the corrosion products. It is clear that the corrosion 
initiates from the adjacent area of Mg12Nd compounds in 
NK30-F, but the corrosion is not severe (Fig.4(a)). 
Fig.5(a) also shows that no distinct corrosion pits exist 
on the surface of NK30-F, and the corrosion is more 
uniform. In NK30-T4 and NK30-T6 alloy, the corrosion 
initiates in the form of pits at several locations and then 
spreads over the surface in a filiform corrosion fashion 
(Figs.4(b) and (c)). Cross sections of the corroded areas 
indicate that corrosion attacks Zr-lack regions 
preferentially (Figs.5(b) and (c)), and Zr-rich cores have 
higher corrosion resistance than Zr-lack regions. The 
localized attack invades Zr-lack regions and leads to 
severe corrosion in these regions, while Zr-rich     
cores remain unaffected. After removal of the corrosion  
 

 
Fig.4 Scanning electron micrographs of corroded surfaces for 
NK30 alloy after immersion in 5% NaCl solution for 3 d and 
removal of corrosion products: (a) F; (b) T4; (c) T6 
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Fig.5 Typical optical micrographs of cross-sectional part 
adjacent to corroded surfaces for NK30 alloy after immersion 
in 5% NaCl solution for 3 d and removal of corrosion products: 
(a) F; (b) T4; (c) T6 
 
products, NK30-T4 and MK30-T6 alloys show 
filiform-corrosion fashion (Figs.4(b) and (c)). 
3.2.2 Corrosion products 

At the end of the immersion test, the specimen 
surface was covered with a yellowish film of corrosion 
products. Fig.6 shows the FE-SEM morphologies of the 
corrosion products formed on NK30 alloy in different 
conditions after the immersion test. The corrosion 
product of NK30 alloy in three conditions is composed 
of voluminous tiny erect flakes. These flakes are aligned 
perpendicularly to the alloy surface. The thickness of the 
flakes of the corrosion product on NK30-T4 is much 
thinner than that on NK30-F. From the surface 
morphologies (Figs.6(a) and (b)) and cross sectional 
images (Figs.6(a′) and (b′)), it can be seen that the 
corrosion film on NK30-F is more compact than that on 

NK30-T4, and the amount of porosity in the corrosion 
film on NK30-F is lower than that on NK30-T4. Fig.6(c) 
shows that corrosion pits exist in NK30-T6. The results 
of XRD show that the corrosion product of NK30 is 
mainly Mg(OH)2. The cross sectional images of the 
corrosion film in Figs.6(a′) and (b′) also show that the 
corrosion film presents two-layered structure (the outer 
layer and the transition layer). The outer layer is 
composed of erect flakes. An obvious transition layer 
exists between the outer layer and the substrate, but the 
transition layer is much thinner than the outer layer. 
 
3.3 Electrochemical measurement 

Fig.7 presents the potentiodynamic polarization 
curves (Fig.7(a)) and electrochemical impedance 
spectroscopy(EIS) results (Fig.7(b)) for the specimens 
after preliminary immersion for 1h in 5% NaCl solution 
saturated with Mg(OH)2. Generally, the cathodic 
polarization curves are assumed to represent the cathodic 
hydrogen evolution through water, while the anodic ones 
represent the dissolution of magnesium. After 1 h 
immersion, the corrosion potential of NK30 alloy in 
three conditions increases in the following order: F＜T4
＜T6. 

The cathodic parts of the curves in Fig.7(a) indicate 
that the cathodic polarization current density of hydrogen 
evolution on NK30-F is much lower than that on 
NK30-T4 and NK30-T6 specimens. The polarization 
curve of NK30-T4 coincides with that of NK30-T6 in 
cathodic region. That is to say, the overpotential of the 
cathodic hydrogen evolution reaction on NK30-F is 
higher than that on NK30-T4 and NK30-T6. This reveals 
that the cathodic reaction is more difficult kinetically on 
the as-cast specimen than on the other two. 

Fig.7(a) also shows the differences among the 
anodic curves of the specimens. The anodic portion of 
NK30-F is characterized by a clear current plateau, in 
which the current density increases very slowly over a 
narrow potential range followed by a rapid rate of 
increase with increasing potential, while no clear current 
plateau in the anodic portion of NK30-T4 and NK30-T6 
is observed. The presence of the current plateau in the 
curve of NK30-F is due to the more protective film 
formed on NK30-F than those on NK30-T4 and 
NK30-T6 (Fig.6). After breaking down potential(Ebd) of 
NK30-F, the difference among the anodic curves of 
NK30 alloy under three conditions is not so significant as 
that in the cathodic curves. This indicates that the 
influence of heat treatment on the magnesium dissolution 
reaction in the corroding area is not so significant as its 
effect on the rate of cathodic hydrogen evolution. 

The Nyquist plots of NK30 alloy under three 
conditions after immersion in 5% NaCl solution 
saturated with Mg(OH)2 for 1h are presented in Fig.7(b). 
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Fig.6 FE-SEM micrographs of corrosion 

products on NK30 alloy after immersion 

in 5% NaCl solution for 3 d: (a), (a′) F; 

(b), (b′) T4; (c) T6 

 

 
Fig.7 Electrochemical results of NK30 alloy after immersion in 5% NaCl solution saturated with Mg(OH)2 for 1 h: (a) Polarization 
curves; (b) Nyquist curves 
 
Their Nyquist plots are characterized by two capacitive 
loops, one for the high and medium frequencies, and the 
other for the low frequency, but the low frequency loop 

is depressed to some degree. The EIS spectra of NK30 
alloy in three conditions are similar except for the 
difference in the diameter of the loops. This means that 
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the corrosion mechanisms of the alloy in three conditions 
are the same, but the their corrosion rates are different. 

Referring to the previous studies[13], the high 
frequency loop appears to be ascribed to both charge 
transfer process and the film of corrosion products 
formed. The medium-frequency capacitive loop is 
ascribed to the relaxation of mass transport in the solid 
phase and disappears at long immersion time. The 
inductive loop at low frequency is due to the relaxation 
process of adsorbed species, such as on the 
electrode surface. BRETT et al[14] have found that the 
pit formation leads to the inductive loop in the 
impedance spectra. In this study, the disappearance of the 
low frequency inductive loop shows that NK30 alloy has 
higher resistance of pitting corrosion. It can also be seen 
from Fig.7(b) that the dimension of high frequency 
capacitive loop of NK30 alloy in three conditions 
increases in the following order: F＞T4＞T6. This is in 
good agreement with the corrosion resistance of Fig.2. 
The good correlation between the high frequency loop 
and the corrosion resistance of NK30 alloy in three 
conditions in this study can be used as evidence to 
support the conclusion that the resistance associated with 
high frequency loop can be used to determine 
magnesium alloy corrosion rate[15]. 

,Mg(OH)ads
+

 
4 Conclusions 
 

1) Heat treatment influences the corrosion rate of 
NK30 alloy. The corrosion resistance of NK30 alloy in 
three conditions (F, T4 and T6) decreases in the 
following order: F＞T4＞T6. 

2) The corrosion product of NK30-F is more 
compact than that of NK30-T4 and NK30-T6. 

3) The potentiodynamic curves show that the 
overpotential of cathodic hydrogen evolution reaction on 
NK30-F is much higher than that on NK30-T4 and 
NK30-T6. The results of EIS also confirm that NK30-F 
alloy has the highest corrosion resistance in the three 
conditions. 
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