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Abstract 

The corrosion behaviour of Mg-0.3Ce, Mg-0.41Dy, Mg-0.63Gd, Mg-1.44Nd and Mg-1.43La 

(wt.%) alloys in 3.5 wt.% NaCl solution was investigated using electrochemical tests. The as-

cast microstructures of the Mg-RE alloys were characterized by the presence of second phases 

(MgxCe, Mg41Dy5, Mg12Gd, Mg12Nd, Mg41Nd5, Mg24Nd and Mg12La) with different volume 

fraction and distribution. Results show that the corrosion mechanism was altered from 

uniform to localized corrosion mechanism depending on the specific RE alloying elements. 

The corrosion resistance of the Mg-RE alloys is increasing in the following order: Mg-1.43La, 

Mg-1.44Nd, Mg-0.3Ce, Mg-0.63Gd and Mg-0.41Dy. Accordingly, the corrosion morphology 

in the best resistant Mg-0.41Dy alloy and the worst Mg-1.43La alloy were observed and 

compared after 2h and 24 h of immersion using SEM-EDS, XPS and XRD analysis. The 

formation of the Dy2O3 oxide prevents the Mg-0.41Dy alloy from pitting corrosion and lead 

to an excellent corrosion surface even after 24 h of immersion. Meanwhile, the presence of a 

high fraction of the Mg12La phase along the grains boundaries in the Mg-1.43La alloy causes 

severe pitting corrosion by acting as anodic phase.  
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1. Introduction 

During the last decades, the use of Magnesium (Mg) based alloys as structure materials in 

automotive and aerospace industries have been increased due to their low density, high 

specific strength, high damping capacity, corrosion resistance and easy recyclability [1-3]. 

However, Mg-based alloys generally suffer from relatively poor corrosion resistance in the 

high chloride environment of physiological systems due to their low standard electrochemical 

potential (-2.37 V), as compared to the SHE (Standard Hydrogen Electrode) [4] which 

therefore restricts their use in a variety of applications [5-7]. The poor corrosion resistance of 

Mg-based alloys was attributed to the internal galvanic corrosion by inhomogeneous 

distribution of second phases or the presence of impurities elements such Fe, Ni, Cu and Co 

and the instability of the hydroxide film (MgOH)2 that formed on the Mg surface [5, 6].  

Many strategies have been proposed to improve the corrosion resistance of Mg-based alloys. 

Surface treatment by anodic coating is the most employed technique for improving the 

corrosion behaviour of Mg-based alloys [8-11]. Among the existing surface treatment 

methods, the plasma electrolytic oxidation (PEO) coating technique shows a remarkable 

increase in the corrosion resistance of Mg alloys by forming a relatively thick and crystalline 

oxide layer on the surface [8, 12-14]. 

Fabricate ultrafine-grained materials using severe plastic deformation (SPD) such as equal 

channel angular pressing (ECAP), high pressure torsion (HPT) and groove pressing (GP) have 

proven their effectiveness to improve the homogeneity of the microstructure of Mg alloys as 

well as their corrosion resistance by dissolution of impurities and accelerating passivity of 

Mg-based alloys [15-19]. However, the existing literature on the impact of the microstructure 

and the deformation processing on the corrosion behaviour is often contradictory [18]. The 

effect of the second phase distribution on corrosion behaviour, induced by mechanical 

processing, was found depending on the role of the second phase as anode or cathode [18]. 

For example, the presence of the net-like Mg41Sm5 phase in the as-cast Mg-Sm-Zn-Zr alloy 

was found to act as a cathodic phase and thereby cause the galvanic corrosion [20]. While the 

decrease in the size of the same phase and its homogeneous distribution caused by the 

extrusion processing leads to more uniform corrosion [20].  

Alloying elements are another effective strategy to enhance the mechanical properties and 

improve the corrosion resistance of Mg-based alloys. Recently, it was reported that rare earth 
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(RE) elements have significant effects on the high temperature strength and creep resistance 

of Mg-based and can improve considerably their corrosion resistance [21-23]. Moreover, Mg-

RE alloys are receiving increasing attention in biomedical applications as potential 

biodegradable implant materials due to their biodegradability and suitable mechanical 

properties [24]. However, some recent reports indicated that some RE elements such as La 

and Ce elements should be used carefully because of the toxicity issues compared to the other 

RE elements [25]. 

Several suppositions have been given to explain the benefic effect of RE element on the 

corrosion behaviour of Mg-based alloys. Among of them: (i) RE elements have the ability to 

reduce the effect of impurity by forming intermetallic compounds and purify the melt [26], 

(ii) RE elements can reduce the amount of second phases and grain size, resulting in a much 

homogeneous microstructure which will decrease the probability of occurring the micro-

galvanic corrosion [27], (iii) RE elements can reduce the hydration of the corrosion product 

film of Mg-based alloys and then improve the protective performance of the corrosion product 

[28], and (iv) RE elements can decrease the Mg dissolution of the deformed alloys by 

decreasing the volume fraction of twins and dislocations density [29]. 

The results of electrochemical tests showed that the E21 and WE43 alloys exhibit higher 

corrosion resistance than the conventional AZ31(Mg-3Al-1Zn, wt.%) alloy [8]. However, it 

was reported that the corrosion rate of binary Mg-RE (RE = Ce, La, Nd, Y and Gd) was 

greater than that of pure Mg and it was attributed to the presence of second phase [27]. A 

binary high-pressure die-cast Mg-Ce alloy was reported to exhibit a lower corrosion rate than 

binary Mg-Nd and Mg-La alloys in 0.1 M NaCl (~0.6 wt.% NaCl) solution [30]. Such 

difference in the corrosion rate was attributed to the effect of the specific RE element 

contained in the second phase [30]. 

Up to now, the effect of different RE addition elements on the properties of second phases and 

their impact on the corrosion behaviour of Mg-based alloys are not fully understood and is 

more complicated than expected. Therefore, the objective of the present work is to elucidate 

the effect of a small content of RE elements such as Ce, Dy, Gd, Nd and La on the corrosion 

mechanism of binary Mg-RE alloy in 3.5% NaCl solution. 

 

2. Experimental procedure 

2.1. Materials 

The as-cast Mg-0.3Ce, Mg-0.41Dy, Mg-0.63Gd, Mg-1.44Nd and Mg-1.43La (wt.%) alloys 

were kindly supplied by the Institute für Metallkunde und Metallphysik, Aachen, Germany. 
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Accordingly, the alloys were produced by induction melting and casting under a protective 

gas atmosphere of Ar/CO2 using a preheated copper mould. The as-cast alloys have 

undergone heat treatment at 420 °C for 20 h and then quenched in water.  

 

2.2. Electrochemical tests 

The immersion test was conducted in 3.5% (% wt.) NaCl which was prepared at room 

temperature (25 °C) by dissolving the NaCl in distilled water. 

Electrochemical tests were conducted using an AUTOLAB PGSTAT302N electrochemical 

work station and a standard three-electrode cell, wherein the sample is the working electrode, 

a platinum plate as the counter electrode, and a calomel electrode (SCE)(0.24 vs. SHE) is the 

reference electrode. The samples were embedded in an epoxy resin to isolate a 0.5 cm2 area 

from the non-studied surfaces and were then immersed in 3.5% NaCl solution at room 

temperature. The open-circuit potential (OCP) was measured for at least 2 h for all samples. 

The polarization curves were recorded in the range of -2.6 to 0 V vs. SCE with a scan rate of 

2 mV.s-1. The impedance measurements were performed after the open circuit potential with a 

sinusoidal potential signal with an amplitude of 10 mV in the frequency range from 10-2 Hz to 

105 Hz. Experimental curves were fitted using ZView software. Three replicated tests were 

performed for each alloy to ensure reproducibility. 

 

2.3. Immersion test 

Cylindric samples with the 10 mm of diameter and 3 mm of thickness were exposed to 3.5% 

NaCl solution for 2 h and 24 h at room temperature. The ratio of sample surface area (cm2) to 

the volume of 3.5% NaCl solution (mL) was set to 1:100. The pH value of the solution was 

measured using a calibrated pH meter. 

 

2.4. Microstructure characterization  

The initial microstructures were investigated by scanning electron microscopy (SEM, FEG-

SEM ZEISS Gemini) equipped with energy dispersive spectrometry (EDS) system in 

backscattering (BSE) mode operated at 15 kV. While, the morphology of the corrosion 

product was examined by SEM (TESCAN Vega 3 SB) using a range of 8-10 kV as 

acceleration voltages. 

The surface preparation consisted of grinding with progressively finer SiC paper followed by 

mechanical polishing using a diamond solution with particle sizes ranging between 3 and 1 

μm, followed by electropolishing with 5:3 solution of ethanol (C2H5OH) and phosphoric acid 
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(H3PO4) for 30 min at 3V. The grain structure was revealed by subsequent etching at room 

temperature in an acetic-nital solution (5% HNO3, 15% acetic acid, 20% distilled water and 

60% ethanol) for 3 s. 

The cross-sections of the corroded samples after 24 h of immersion were also performed with 

SEM (FEG SEM SIGMA HD) by vertically mounting the samples in epoxy resin and fixation 

of the corroded surface by Silver. Element mapping was carried out with EDS (SAMx IDFix) 

operated at 15 kV to determine the distribution of elements in the corrosion product.  

 

2.5. X-ray photoelectron spectroscopy measurement 

X-ray photoelectron spectroscopy (XPS) measurements were performed using a KRATOS 

AXIS Ultra DLD (Kratos Analytical, Manchester, United Kingdom) equipped with a 

monochromatic Al Kα anode working at 15 kV (225W). For the survey spectra pass energy of 

160 eV was used. The investigated area was a region of 700 by 300 µm for Mg-0.41Dy alloy 

while for the Mg-1.43La alloy a spot of 110 µm diameter was used. Ar etching was performed 

for 120 sec with an etching rate of 10 nm / min related to Ta2O5 (acceleration voltage 3.8 kV 

with an extraction current of 160 μA). For all of the samples, charge neutralization was 

necessary. The evaluation and validation of the data were carried out with the software 

CASA-XPS version 2.3.19. Calibration of the spectra was done by adjusting the C1s signal to 

284.8 eV.  

 

2.6. X-ray diffraction analysis  

The X-ray diffraction (XRD) measurements were performed on Rigaku SmartLab 

diffractometer equipped with 9 kW copper rotating anode X-ray source (CuKα 

radiation λ = 0.15418 nm), parabolic multilayer mirror in the primary beam, a set of axial 

divergence eliminating soller slits in both incident and diffracted beam (acceptance 5°), a 

parallel beam soller slit collimator (acceptance 0.5°) and HighPix-3000 2D hybrid pixel single 

photon counting detector in the diffracted beam. Constant incidence angle of the primary 

beam ω = 0.6° was used for the measurement.  

 

3. Results  

3.1. Initial microstructures 

Figure 1 shows the SEM micrographs in the backscattering mode with low and high 

resolution of the as-cast Mg-0.3Ce, Mg-0.41Dy, Mg-0.63Gd, Mg-1.44Nd and Mg-1.43La 

alloys, respectively. Table 1 summarized the EDS analysis (in wt.%) in several positions 
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(points 1–12) in the microstructures of the as-cast Mg-RE alloys. The as-cast microstructure 

of Mg-0.3Ce alloy exhibits a bimodal grain size distribution with an average grain size of 70 

μm. The higher magnitude of the SEM micrograph (Figure 1b) demonstrated that the Mg-

0.3Ce contains very small circular particles located within the grain and along the grain 

boundaries. Table 1 shows that these particles (point 2) contain around 9% of Ce and their 

volume fraction was estimated around 8.5% by measuring the area fraction of the particles in 

the SEM micrographs.  

The Mg-0.41Dy and Mg-0.63Gd alloys exhibit almost similar an elongated granular 

microstructure with an approximately large grain size of 400 μm and the presence of second 

phases. Both alloys contain twins as shown by arrows. The presence of twins is mostly caused 

by the mechanical preparation of the samples. The second phases were identified as the 

Mg41Dy5 (point 4) with a small volume fraction of 0.4% and the Mg12Gd (point 6) with a 

volume fraction of 3%, respectively. The size of the Mg41Dy5 phase seems to be smaller than 

Mg12Gd phase and homogeneously distributed in the microstructure of Mg-0.41Dy alloy. In 

contrast, the microstructure of Mg-1.44Nd alloy shows the presence of three different types of 

second phases. First, circular dark particles identified as Mg12Nd (point 8) and the second one 

are small white particles identified as Mg41Nd5 (point 9). The third types of particles have 

elongated rod shape and contain around ~20% of Nd element (point 10) which could be 

identified as Mg24Nd. The later second phase was not reported in the literature and may be 

formed during the as-cast processing. The volume fraction of these phases was calculated to 

be around 6%. The Mg-1.43La alloy exhibits a totally different microstructure compared to 

the other Mg-RE alloys where it is characterised by a dendritic morphology. As shown in 

Figure 1i, the second phase identified as Mg12La phase (point 12) is located at grain 

boundaries and triple junctions. Previously, based on the XRD measurement this second 

phase was identified as Mg17La2 phase [31]. However, the EDS analysis (point 12) shows 

clearly that this second phase belongs to the Mg12La phase. Obviously, the Mg-1.43La alloy 

shows the highest fraction of the second phase with a value of 40%.  

 

3.2.Electrochemical tests 

Figure 2 shows the potentiodynamic polarization curves after 2 h of immersion in a 3.5% 

NaCl solution for the Mg-0.3Ce, Mg-0.41Dy, Mg-0.63Gd, Mg-1.44Nd and Mg-1.43La alloys, 

respectively. As can be seen, all alloys exhibit similar trends where the anodic and cathodic 

branches are not symmetrical. Usually, the anodic branches in the polarization curve represent 
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the anodic dissolution of Mg metal, while the cathodic branches represent the cathodic 

hydrogen evolution reaction [32]. The anodic part of the polarization curve coincides for all 

alloys. In the cathodic region, the Mg-1.43La alloy seems to have the highest current density 

followed by Mg-1.44Nd alloy, while, the Mg-0.3Ce, Mg-0.63Gd and Mg-0.41Dy alloys seem 

to have a similar current density. These results agree well with the fact that the corrosion 

process in Mg-based alloys is catholically controlled [33]. The corrosion potential, (Ecorr) and 

the corrosion current density (Icorr) values obtained from the curve fitting are listed in Table 2. 

Moreover, the polarization resistance (Rp) of different Mg-RE alloys represented in Table 2 

was calculated from Icorr according to the Stern-Geary equation [34] :  

𝑅𝑝 =
𝛽𝑎|𝛽𝑐|

2.303(𝛽𝑎+|𝛽𝑐|)𝐼𝑐𝑜𝑟𝑟
                                                       (1) 

where βa and βc are the anodic and cathodic slopes, respectively.  

As can be revealed from Table 2, the corrosion potential Ecorr of Mg-RE alloys is shifted 

towards negative value in the order of Mg-0.41Dy <Mg-0.63Gd <Mg-0.3Ce <Mg-1.44Nd < 

Mg-1.43La. The corrosion current density, Icorr of Mg-RE alloys increase in the same order 

than the Ecorr.  

The Nyquist plots obtained from the electrochemical impedance spectroscopy (EIS) for the 

Mg-0.3Ce, Mg-0.41Dy, Mg-0.63Gd, Mg-1.44Nd and Mg-1.43La alloys in a 3.5% NaCl 

solution are shown in Figure 3. For more visibility, the Nyquist plot of Mg-1.43La alloy is 

inserted at the upper right with a small scale. The Nyquist plots exhibit three different shapes 

as a function of the RE alloying elements indicating a different corrosion mechanism in each 

Mg-RE alloys. First, the Nyquist plot of Mg-0.41Dy alloy shows two capacitive loops: one 

capacitive loop at the high-frequency region and the second loop located at the medium 

frequency region. Second, the Mg-0.3Ce, Mg-0.63Gd and Mg-1.44Nd alloys have a similar 

shape with two capacitive loops at the high and medium frequency region, respectively and an 

inductive loop in the low-frequency region. Third, the Nyquist plot of Mg-1.43La alloy 

exhibits one capacitive loop at the high-frequency region and two inductive loops in the low 

and medium frequency regions. However, it seems that the Mg-1.43La alloy may exhibit a 

very small loop almost indistinguishable at the high-frequency region. Such small capacitive 

loop has been already reported for several Mg-based alloys [35, 36]. The disappearance of the 

capacitive loop may be attributed to the high corrosion rate of the Mg-1.43La alloy with small 

corrosion products on the surface of the sample. 

Accordingly, the capacitive loop observed at the high-frequency region resulted from both a 

charge transfer reaction between the metal interface and the solution and also the formation of 
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a double layer [37]. The capacitive loop observed at the medium-frequency was attributed to 

the growth of the corrosion product layer and its resistance. It has been suggested that the 

medium-frequency capacitive loop represents the combination of pseudo resistance and 

capacitance of the film formation and dissolution process [38]. The inductive loop suggests 

the occurrence of pitting corrosion, dissolution of the protective film, the occurrence of 

relaxation processes of adsorbed species such as Mg(OH)+ads and the existence of metastable 

Mg+ ion during the dissolution of Mg-based alloy [39]. In fact, the presence of the inductive 

loop is frankly observed in the Nyquist plots of various Mg-based alloys [40].  

As can be seen from Figure 3, the dimension of both capacitive loops in Mg-0.41Dy alloy was 

higher in comparison to the other Mg-RE alloys indicating a better corrosion resistance of 

Mg-0.41Dy alloy. It can also be seen that the dimension of medium capacitive loops shrinks 

with RE elements as Mg-0.3Ce, Mg-0.63Gd, Mg-1.44Nd and Mg-1.43La alloys reflecting the 

heterogeneity of the corrosion products and their less protective effect.  

The corresponding equivalent electrical circuit and the fitted data of the Nyquist curves are 

presented in Figure 4 and Table 4, respectively. Using a simulated equivalent circuit can 

usually help to explain the general corrosion process. Rs, Rct, Rf and RL are the solution 

resistance, charge transfer resistance, film resistance and inductance resistance, respectively. 

CPEdl and CPEf are constant phase elements representing the capacitance in the high and 

medium frequencies region, respectively. The CPE is defined by two values, Y and n and 

usually employed instead of the capacitance in case of the non-homogeneity of the sample 

surface [41]. If n = 1, CPE will be identical to a capacitor. 

All the Mg-RE alloys have almost the same value of Rs demonstrating that RE alloying 

elements have similar behaviour in the contact with the 3.5% NaCl solution. Nevertheless, the 

Rs value is more sensitive to the concentration of Cl- ions [42].   

The double-layer capacitance Ydl  value is generally found in the range of 50–100 μF cm−2  

[43]. It is interesting to note that the Ydl values of the present Mg-RE alloys are lower 

compared to the literature and vary slightly as a function of RE alloying elements. Usually, 

double-layer capacitance increases with the decrease of the surface of the protective film [44]. 

Moreover, the value of ndl is close to being similar, indicating that the capacitive loop is well-

defined, except in case of the Mg-1.43La alloy where ndl = 0.79. 

The resistance value Rct indicates the dissolution rate of Mg metal. The smaller corrosion rate 

is obtained the higher Rct is. Accordally, the Rct increases as Mg-1.43La < Mg-1.44Nd < Mg-

0.63Gd < Mg-0.3Ce < Mg-0.41Dy, which indicates that the corrosion rate is lower in Mg-

0.41Dy alloy and higher in Mg-1.43La alloy.  
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The Yf values of the corrosion product capacity were found much higher than those of Ydl 

(double layer capacity), except for Mg-1.43La alloy which was in the same order of 

magnitude (Ydl = 5.16×10-5 vs. Yf  = 2.38 ×10-5 F.cm-2). This is in good agreement with the 

assumption that the surface covered by the corrosion products is large compared to the free 

area of the surface [43]. 

The inductance in the equivalent circuit of Mg-0.3Ce, Mg-0.63Gd and Mg-1.44Nd alloys 

shows high values (in range of 5586 to 15876 H.cm-2) while the value in the case of the Mg-

1.43La alloy decrease drastically (76.76 H.cm-2). It was reported that a high value of the 

inductance indicates relative uniform corrosion in the surface of the sample [27]. 

 

3.3. Corrosion morphology 

Based on the electrochemical tests, the Mg-0.41Dy and Mg-1.43La alloys show the best and 

worst corrosion resistance, respectively. Following, the characterization of the corrosion 

morphology for those alloys will be taken into account. 

Figure 5 shows the photographs of the surface of Mg-0.41Dy and Mg-1.43La alloys after 2 h 

and 24 h of immersion in 3.5% NaCl solution, respectively. As can be seen, the surface of 

Mg-0.41Dy alloy was slightly affected by the extension of immersion time. Small grey spots 

appeared on the surface of the Mg-0.41Dy alloy after 24 h of immersion. Meanwhile, the 

surface of the Mg-1.43La exhibits severe corrosion after 24 h of immersion in 3.5% NaCl 

solution. At the beginning (after 2 h of immersion) the corrosion started from one edge of the 

sample (zone with grey colour) by the presence of small white spots on the surface of the Mg-

1.43La sample and with ongoing time a dense rough surface formed by a white-grey layer 

grows until 24 h of immersion. 

Figure 6 shows the surfaces in the cross-section of the Mg-0.41Dy and Mg-1.43La alloys 

obtained by optical microscopy after immersion for 24h in 3.5% NaCl solution, respectively. 

It can be seen that the corrosion layer morphology of the Mg-0.41Dy alloy is thin and 

uniform. In contrast, the corroded surface of the Mg-1.43La alloy is very thick and exhibits 

several localized corrosion sites as shown by arrows.  

The SEM micrographs by backscattering mode presented in Figure 7 and 8 with low and high 

resolution show the microscopic corrosion morphologies of the Mg-0.41Dy and Mg-1.44La 

alloys after 2 h and 24 h immersion in 3.5% NaCl solution, respectively.  

Figure 7a shows that the morphology of the surface of the Mg-0.41Dy alloy after 2h of 

immersion was uniform and smooth and some cracks can be noticed on the surface of the 
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alloy after 24h of immersion (Figure 7c). The presence of cracks is caused by the dehydration 

of the corrosion product. Increasing the resolution of the SEM images of the corroded 

surfaces as shown in Figure 7b and 7d indicate that the alloy exhibits typical corrosion 

morphology of needle-like particles. No significant difference in the morphology of the 

surface of Mg-0.41Dy alloy after 24 h of immersion, except that the needle got thinker. It has 

been suggested that the small and dense needle-like particles are more protective [45].  

The corrosion morphology of the Mg-1.43La alloy after immersion for 2h is relatively similar 

to those of the Mg-0.41Dy alloy. In can see from Figure 8a that the Mg12La phase is visible 

along the grain boundaries (shown by arrows) mostly due to the attack effect from the 

3.5%NaCl solution. This observation may indicate that the Mg-1.43La alloy is corroded by an 

intergranular corrosion type. Besides, the volume fraction of the Mg12La phase seems to 

decrease after immersion for 2 h. In the higher resolution, the Mg12La phase seems to be 

covered by the same needle-like particles as the Mg matrix (dashed line in Figure 8b). The 

needle-like particles are larger and less compact than to those on the Mg matrix. The surface 

of the Mg-1.43La alloy after immersion for 24 h is covered by a thick and irregular film of 

corrosion products which is completely different from the Mg-0.41Dy alloy.  

Figure 7 and 8 show also the presence of few mushrooms like shaped precipitations formed 

on the surface of both alloys expect for Mg-1.43La after 24 h of immersion. The absence of 

these agglomerations in the immersed Mg-1.43La alloy up 24 h is attributed the severely 

corroded surface. It can be seen that these agglomerations are bigger in the Mg-1.43La alloy. 

A close up is presented in Figure 9 showing the micrograph of these mushrooms like shaped 

precipitations on the surface of the Mg-0.41Dy alloy after immersion for 24 h. The 

corresponding EDS analysis of point 1, 2 and 3 areas are presented in Table 4. Obviously, 

these particles (point 1) and around them (point 2) contain a high fraction of Cl. The surface 

of the point 3 revealed the presence of the magnesium hydroxide Mg(OH)2 compound which 

is a typical corrosion product largely reported for Mg-based alloys in aqueous solutions [46].  

The evolution of pH value as a function of immersion time of both alloys shown in the upper 

right side of Figures 7 (a, c) and Figures 8(a, c)  indicate clearly that the corrosion processing 

in the Mg-0.41Dy and Mg-1.43La alloys is totally different. It is to be noted that the initial pH 

value of the 3.5% NaCl solution was measured to be 6.55. The pH value of the Mg-0.41Dy 

alloy increases slightly after immersion for 2 h and then reach a value of 8.4 after 24 h of 

immersion. In contrast, the pH value for the Mg-1.43La alloy increases rapidly to 10.3 after 

immersion for 24 h.  
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To get more detailed information of the corrosion product composition, XPS and XRD 

analysis were performed for the Mg-0.41Dy and Mg-1.43La alloys after 2 h and 24 h of 

immersion in 3.5% NaCl solution (Figures 10 and 11). The XPS survey spectra for all 

samples revealed the presence of Mg, O, C and Cl at the very surface. So, the outer corrosion 

layer consists mainly from the MgCO3 and MgO/Mg(OH)2 with some enrichment of Cl that is 

caused either by the 3.5% NaCl solution (remaining Cl) or by the MgCl2 as a reaction 

product. The concentrations of the different elements seem to be stable with increasing 

immersion time for both alloys as shown in Table 5. In contrast, neither Dy nor La can be 

found on the outer layer of the corroded surfaces. First, this is can be attributed to the low 

concentration of the alloying element in the Mg matrix (0.41% Dy and 1.43% La). 

Furthermore, it might be that corrosion product consisting of Dy of La will not be present in 

the very first 3-5 nm, which is the investigation limit of the XPS method while XRD 

penetrates more the bulk material. 

Figure 11 shows the XRD patterns of as-cast material as well as after immersion for 2h and 24 

h in 3.5% NaCl of Mg-0.41Dy and Mg-1.43La alloys, respectively. The XRD patterns of both 

as-cast alloys confirm the presence of the Mg24Dy5 and Mg12La phases as already 

demonstrated by the SEM-EDS analysis in Figure 1. Immersion in 3.5% NaCl for 2h leads to 

the development of news peaks identified as the corrosion product Mg(OH)2 in both alloys. 

Contrary to the Mg-1.43La alloy, the second phase was not detected in the Mg-0.41Dy alloy. 

Such difference could be attributed to the total covering of the surface by the corrosion 

product in Mg-0.41Dy alloy. An interesting feature can be seen after immersion of 24 h. 

Besides the presence of the corrosion product Mg(OH)2 a new oxide Dy2O3 is formed on the 

Mg-0.41Dy surface. In the meantime, the XRD pattern of Mg-1.43La shows the 

disappearance of the Mg matrix peaks and the appearance of small peaks belonging to the 

MgCl2 phase.  

 

4. Discussion 

The kinetics of the corrosion process in various Mg-based alloys in aqueous solution are 

generally expressed by the following equations [46]: 

Anodic reaction:           Mg  Mg2+ + 2e-                                                                               (1) 

Cathodic reaction:      H2O + 2e-2OH-+ H2                                                                          (2) 

The corrosion reaction leads to the formation of Mg(OH)2 accompanied by hydrogen 

evolution: 



12 
 

The total reaction:       Mg + H2O Mg(OH)2+ H2                                                                 (3) 

 

It was expected that Mg alloys containing RE elements will have similar corrosion behaviour; 

however, the electrochemical measurements plotted in Figures 2 and 3 show clearly that the 

present Mg-0.3Ce, Mg-0.41Dy, Mg-0.63Gd, Mg-1.44Nd and Mg-1.43La alloys exhibit 

relative different rate response of the cathodic kinetics and different corrosion mechanism as 

well. The corrosion rate of binary Mg-Y and Mg-Nd alloys in a similar 0.1 M NaCl solution 

(pH ∼6.1) was also found totally different [30, 47]. The present results indicate that the Mg-

0.41Dy alloy has the better corrosion resistance (5.58 Ohm.cm2) and the Mg-1.43La alloy the 

lower one (2.89 Ohm.cm2). It is interesting to note that for the Mg-0.41Dy alloy a more noble 

(i.e. Ecorr shift toward 0 value) was found compared with several Mg-based alloys such as 

Mg-Al-Mn [48], AZ31 [9, 49], AZ91[11] and pure Mg [50] immersed in 3.5% NaCl solution. 

The electrochemical investigations demonstrated that the present Mg-RE alloys exhibit three 

different corrosion mechanisms. 1) The presence of only two capacitive loops in the Mg-

0.41Dy alloy corresponds to uniform corrosion mechanism, i.e. the alloy surface was 

completely covered by the corrosion product film. This is confirmed by the very good 

corrosion surface of the Mg-0.41Dy alloy even after immersion for 24 h in 3.5% NaCl 

solution (Figures 5 and 6), except maybe the presence of few mushrooms like shaped 

precipitations (Figure 8). However, these agglomerations do not cause pitting corrosion since 

no induction loop was seen in the Nyquist plot of the alloy. 2) The second corrosion 

mechanism is characterized by the addition of the inductive loop in the Nyquist plot in the 

case of Mg-0.3Ce, Mg-0.63Gd and Mg-1.44Nd alloys. It indicates a heterogeneous corrosion 

mechanism [27]. The similarity in the shapes of the Nyquist plots for Mg-0.3Ce, Mg-0.63Gd 

and Mg-1.44Nd alloys suggest that the Ce, Gd and Nd elements have no effect on the 

mechanism of the formation but affect considerably the properties of corrosion products. As 

shown in Table 4, the corrosion resistance of the protective product Rf was estimated at 2749 

Ω.cm2 in the Mg-0.3Ce alloy and decrease to 1993 and 769.9 Ω.cm2 in Mg-0.63Gd and Mg-

1.44Nd alloys, respectively. In addition, the decrease of the inductance value with respect to 

Ce (15876 H.cm-2), Gd (10228 H.cm-2) and Nd (5586 H.cm-2) indicated that Nd suffer more 

from the pitting corrosion than Ce and Gd. 3) The third corrosion mechanism is shown in the 

Mg-1.43La alloys where the alloy exhibits two inductive loops indicating severe corrosion 

attacks (as shown by the morphology in the Figures 5, 6 and 8) or micro-galvanic corrosion. 

The presence of tow inductive loops was already reported for Mg-based alloys [29, 51]. The 

presence of the second inductive loop is caused by the extra Mg dissolution due to the 
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reaction of Mg+ with H2O in the non-protective area of the surface following the non-Faraday 

process [29, 51]: 

2Mg+ + 2H2O 2Mg2+ + 2OH- + H2                                                                 (4) 

The release of hydroxide ions (OH-) leads to the highest increase in pH value of the Mg-

1.43La alloy compared to the Mg-0.41Dy as reported for Figures 7 and 8. 

The result of EIS is in good agreement with the polarization curve analyses. It can be seen 

that the Mg-0.41Dy alloy exhibits the higher Rf value (3568 Ω.cm2) and Mg-1.43La alloy the 

lower value (429.1 Ω.cm2). The Rf values of different Mg-RE alloys shown in Table 4 that the 

corrosion product formed at the surface of Mg-0.41Dy alloy has a better capacity to protect 

the alloy against metal dissolution. It was found that among the RE (Y, Nd Gd and Dy) 

metals, the Dy metal exhibits the best corrosion resistance in 0.1 mol/L NaCl solution [52]. 

The difference in the corrosion mechanism in the present Mg-RE alloys is strongly related to 

two major factors. The first factor is the effect of the specific RE elements added in the Mg 

matrix. The second one is the specific microstructure of the alloys, i.e. the presence of second 

phase, grain size. 

 

4.1. Effect of specific RE alloying element  

The rare earth elements are usually divided into two subgroups: the cerium subgroup which 

includes La, Ce, Nd, Pm, Sm and Eu and the yttrium subgroup which contain the remaining 

RE elements such as Gd and Dy  [53]. This subdivision is based on the differences and 

similarities in the properties of the different RE elements. The change in the physicochemical 

properties between the different RE elements is observed with a successive increase of the RE 

metal atomic number and it is more related to the electron configuration of each specific 

element [53]. Table 6 summarized some specific features of the RE elements used in the 

present study. It was reported that the RE elements could show  similar chemical properties 

when the energy levels of the 4f and 5d in the atoms are close [53]. Based on that, Table 5 

shows that the Ce, Dy, Gd, Nd elements exhibit different properties. For example, among the 

used RE elements, La is considered the only transition metal as demonstrated by the 

configuration of the outer electronic shells (5d16s2) and the Dy element is the most stable as 

shown by the complete filled 4f shell. The electronegativity values of the RE elements were 

close to the electronegativity of Mg (1.2) [53]. However, La presents the highest 

electronegativity difference which suggests that the formed compounds between Mg and La 

are more stable than the other RE elements.  
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The density of RE elements is an important physical characteristic for the formed Mg-RE 

alloys. Table 6 shows that the density of the present RE elements increases with the increasing 

atomic number. Interestingly the corrosion resistance was found to increase with increasing 

atomic number of RE elements, expect for Ce element showing higher corrosion resistance 

than Gd and Nd elements. This anomaly could be attributed to the difference in the 

microstructures between the alloys as shown in Figure 1, which leads us to discuss the second 

factor.  

 

4.2. Effect of the microstructure on the corrosion behavior 

Contrary to the other binary alloys, the Mg-0.3Ce alloy has the smallest grain size (~ 70 μm). 

It was reported that the grain boundaries can act as barriers for corrosion in Mg-based alloys 

[54]. Theoretically, a microstructure with small grain size involves a high number of grain 

boundaries which result in more improvement of the corrosion resistance in case of the Mg-

0.3Ce alloy. On the other hand, the diversity of the second phase (Mg12Nd, Mg41Nd5 and 

Mg24Nd) is the reason of the poor corrosion of the Mg-1.44Nd alloy compare to the Mg-0.3Ce 

and Mg-0.63Gd (the group with the same corrosion mechanism) by providing more cathodic 

phases and causing more dissolution of the Mg matrix. 

Dy and Gd  are more distributed into the Mg matrix since their solubility in the Mg matrix, 

25.23% and 23.49%, respectively are much higher than that of Ce (0.23%), Nd (3.6%) or  La 

(0.74%) [55]. Therefore it is expected that the potential difference between the Mg matrix and 

the second phase will be small which will reduce the microgalvanic corrosion.  

It is important to note, that the present Mg-RE alloys were used in the as-cast condition where 

the resulted microstructures were rather irregular (Figure 1). The Mg41Dy2 phase is considered 

metastable since the Mg-Dy phase diagram [56] shows that the Mg-0.41Dy alloys is (0.41% 

of Dy) is a solid solution. It is expected that the metastable phase will have less effect against 

corrosion than the stable one such as Mg12La phase in case of the Mg-1.43La alloy. Besides, 

the results of the micro-capillary electrochemical cell method on Mg12Ce, Mg3Nd and Mg12La 

second phases show that the Mg12La phase is the less inert compared to the other second 

phases [30].  

The amounts of second phases in the microstructure have a great influence on corrosion 

behaviour. Figure 1 demonstrated that Mg-1.43La alloy exhibits a high fraction of second 

phase (40%) and the Mg-0.41Dy alloy the lower one (0.4%). It was reported that the 

corrosion resistance decreases with the increasing amount of Y in binary Mg-Y alloy due to 

the increase of volume fraction of the intermetallic Mg24Y5 phase [47]. Also, the XRD  
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patterns (Figure 10) and SEM micrograph (Figure 7a) show the presence of the Mg12La phase 

in Mg-1.43La alloy even after 2h of immersion. Obviously, the immersion for 2 h causes the 

dissolution of the Mg12La phase as shown by the decrease of their volume fraction which 

suggests that this phase is preferentially corroded than the Mg matrix by acting as the anodic 

phase.  

It is well established that the second phases are nobler than the Mg matrix and act as a 

cathodic phase in the corrosion process of traditional Mg-based alloys such as AZ91 (Mg-

9Al-1Zn, wt%) alloy which explains the acceleration of the dissolution of the Mg matrix and 

the corrosion rate of Mg-based alloys [36]. However, because RE elements are more active 

than Mg, it was demonstrated recently that the second phases in Mg-RE based alloys 

preferentially dissolved at the initial corrosion stage by acting as micro-anodes, which is 

completely different from the role of second phases in traditional Mg-based alloys [57-59]. 

For more comparison, the morphology of the corrosion product in the cross-sections of Mg-

0.41Dy and Mg-1.43La alloys after 24h of immersion in 3.5 % NaCl solution are presented by 

the SEM images and chemical element mapping in Figure 12 and 13, respectively. The Mg-

0.41Dy exhibits very good corrosion protection with a uniform and flat surface. No pitting 

and located corrosion were detected in the cross-section of the sample. Meanwhile, some 

crack could be noticed on the corrosion product. The depth of corrosion product in Mg-

0.41Dy alloy was measured to be around 7 μm. The elemental maps on the cross-section of 

the Mg-0.41Dy alloy shown in Figure 8 demonstrated that the chemical composition of the 

corrosion layer consists mostly of both hydroxides Mg(OH)2 and/or magnesium oxides MgO.  

In contrast, it can be observed in Figure 13 that two distinguish corrosion layers are formed on 

the surface of the Mg-1.43La alloy which is consistent with the higher corrosion rate found by 

electrochemical tests. The outer corrosion layer (~38 μm of thickness) is non-uniform and 

porous with high amounts of O, Mg, and C elements. Meanwhile, the chemical element 

mapping demonstrated that besides the presence of Mg and O elements the compact inner 

corrosion layer (with 20 μm of thickness) contain also Cl elements. It can be noticed that the 

inner corrosion layer exhibits small cracks compared the outer corrosion layer and localized 

corrosion around Mg12La phase. It can be observed that the front of the corrosion attack is 

consuming the lamellar Mg12La phase. The occurrence of localized corrosion and the 

presence of Cl in the corrosion product facilitate the penetration of the solution into the 

underneath of the Mg metal and then cause the propagation of the pitting corrosion.  

The actual result is in very good agreement with the recent proposed pitting corrosion 

mechanism in Mg-RE alloys [58]. It was reported that corrosion pitting involved three stages. 
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Firstly, the anodic phase dissolved followed by the corrosion of the Mg matrix and then the 

pitting corrosion appeared along with the depth of the dissolved phases [58].  

Furthermore, the corrosion products formed on the surfaces of the Mg-0.41Dy and Mg-1.43 

alloy are quite different. The XRD  patterns demonstrated that the surface of Mg-0.41Dy is 

covered by the Dy2O3 oxide; contrary to the Mg-1.43alloy (Figure 11). The enthalpy of 

formation of oxide Dy2O3 , ∆Hf = -1869 kJ/mole, suggest that this oxide is chemically more 

stable than the La2O3 oxide with the value of ∆Hf = -1791 kJ/mole [60]. Instead of that, the 

surface of Mg-1.43La shows the presence of MgCl2 phase. The presence of Cl ions in the 

solution accelerates the dissolution of the protective film by penetrating in the micro-pores 

and transforming the Mg(OH)2 into more soluble MgCl2 [61] which cause accumulation of 

massive corrosion as demonstrated by the Photography of the Mg-1.43La alloy (Figure 5c) 

and the occurrence of second inductance loop in the Nyquist plot (Figure 3). 

Taking into account that the penetration depth of X-ray in SEM is around 20 to 40 μm with a 

huge accelerated volume (depending on the acceleration voltage) while the XPS 

investigations (shown in Figure 11) which will only give information of the very first 3-5 nm 

of the surface, information from both methods might be different. This leads to the conclusion 

that the Dy2O3 phase should be formed in the inner layer of the corrosion product since the 

outer layer (3–5 nm) for both alloys was composed mainly of MgCO3 and MgO/Mg(OH)2. It 

is to be noted that etching of the sample surface in XPS by Ar ions for 120 sec removed only 

about 12–16 nm from the surface of the alloy. However, the XPS measurement of both alloys 

without etching (not shown here) present similar concentration of Mg, O and Cl, expect an 

increase of C concentration before etching due to the surface contamination by the CO2 

adsorption from the environment.   

Hence, the present results would offer some useful information for a better understanding of 

the corrosion behaviour of Mg-RE alloys concerning the RE alloying addition to develop a 

new generation of Mg-based alloys with excellent corrosion resistance and therefore extend 

their use in a variety of applications. 

 

Conclusions 

 The corrosion behaviour of Mg-0.41Dy, Mg-0.3Ce, Mg-0.63Gd, Mg-1.44Nd and Mg-

1.43La alloys in 3.5% NaCl solution was evaluated by electrochemical tests and 

morphological observations. 
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 The corrosion resistance of Mg-RE alloys increases with RE alloying elements in the 

following order: Mg-1.43La, Mg-1.44Nd, Mg-0.3Ce, Mg-0.63Gd and Mg-0.41Dy.  

 A complete protective layer covers the Mg-0.41Dy alloy surface which indicates 

uniform corrosion mechanism. A partially protective film covers the surface of Mg-

0.3Ce; Mg-1.44Nd and Mg.0.63Gd alloys caused a non-uniform corrosion 

mechanism. The Mg-1.43La alloy exhibits micro-galvanic corrosion mechanism 

caused by the pitting corrosion.  

 The formation of the Dy2O3 oxide prevents the Mg-0.41Dy alloy from pitting 

corrosion and lead to an excellent corrosion surface even after 24 h of immersion. 

Meanwhile, the high volume fraction of the Mg12La phase and the size of its dendritic-

shaped are responsible for the severe corrosion of Mg-1.43La alloy.  

 The Mg12La second phase acts as micro-anode during the corrosion of the Mg-1.43La 

alloy. 
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Figure captions 

Figure 1: SEM images of the initial microstructure with low and high resolution of: (a, b) 

Mg-0.3Ce, (c, d) Mg-0.41Dy, (e, f) Mg-0.63Gd, (g, h) Mg-1.44Nd and (i, j) Mg-1.43La 

alloys. 

Figure 2: Potentiodynamic polarization curves in 3.5% NaCl solution for the Mg-0.3Ce, Mg-

0.41Dy, Mg-0.63Gd, Mg-1.44Nd and Mg-1.43La alloys. 

Figure 3: Nyquist plots for the Mg-0.3Ce, Mg-0.41Dy, Mg-0.63Gd, Mg-1.44Nd and Mg-

1.43La alloys after 2 h in 3.5% NaCl solution. 

Figure 4: Equivalent electric circuit of Mg-RE alloys immersed in 3.5% NaCl solution: a) 

Mg-0.41Dy, b) Mg-0.3Ce, Mg-0.63Gd and Mg-1.44Nd and c) Mg-1.43La alloys. 

Figure 5: Photographs of the Mg-0.41Dy and Mg-1.43La alloys surface as a function of 

immersion time in 3.5% NaCl solution: (a, c) 2h and (b, d) 24 h. 

Figure 6: Cross-section images obtained by optical microscopy of the alloys after immersion 

for 24 h in 3.5% NaCl solution: (a) Mg-0.41Dy alloy and (b) Mg-1.43La alloy. 

Figure 7: SEM micrographs showing corrosion morphologies of Mg-0.41Dy alloy after 

immersion in 3.5% NaCl solution for: (a, b) 2 h and (c, d) 24 h.  

Figure 8: SEM micrographs showing corrosion morphologies of Mg-1.43La alloy after 

immersion in a 3.5% NaCl solution for: (a, b) 2 h and (c, d) 24 h.  

Figure 9: SEM micrograph showing the mushrooms like shaped precipitation on the surface 

of the Mg-0.41Dy alloy after immersion for 24 h in 3.5% NaCl solution. 

Figure 10: XPS survey spectra after 120 s Ar etching for Mg-0.41Dy (a, b) and Mg-1.43La 

(c, d) alloy after immersion in 3.5% NaCl solution for 2 and 24 h, respectively.  

Figure 11: XRD patterns of as-cast and immersed samples of: a) Mg-0.41Dy and b) Mg-

1.43La alloys. 

Figure 12: SEM images and chemical element mapping of the cross-sections of Mg-0.41Dy 

alloy after 24h of immersion in 3.5 % NaCl solution. 

Figure 13: SEM images and chemical element mapping of the cross-sections of Mg-1.43La 

alloy after 24h of immersion in 3.5 % NaCl solution. 
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Table captions 

Table 1: EDS analysis in weight percentage in several positions in the microstructures of as-

cast Mg-RE alloys (from Fig. 1). 

Table 2. Fitting parameters of the potentiodynamic polarization curves of Mg-RE alloy in 

3.5% NaCl solution. 

Table 3. Electrochemical parameters obtained from the fits of the experimental EIS data of 

Mg-RE alloys in 3.5% NaCl solution.  

Table 4.  EDS analysis in weight percentage (wt. %) in several positions in the microstructure 

of immersed Mg-0.41Dy alloy for 24 h in 3.5% NaCl solution (from Fig. 9). 

Table 5. Elemental composition (in atomic percentage) of the corrosion product in Mg-0.41 

and Mg-1.43La alloys after immersion for 2 h and 24 h in 3.5% NaCl solution, respectively.  

Table 6. Specific physicochemical properties of the RE elements used in the present work 

[53]. 
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Figure 13 

 

Table 1: EDS analysis in weight percentage in several positions in the microstructures of as-

cast Mg-RE alloys (from Fig. 1). 

Position Number Mg Ce Dy Gd Nd La Phase composition 

Mg-0.3Ce        

1 99.8 0.2 - - - - α-Mg 

2 90.79 9.21 - - - - MgxCey 

Mg-0.41Dy        

3 99.45 - 0.55 - - - α-Mg 

4 43.48 - 56.52 - - - Mg24Dy5 

Mg-0.63Gd        

5 99.19 - - 0.81 - - α-Mg 
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6 66.7 - - 33.3 - - Mg12Gd 

Mg-1.44Nd        

7 98.53 - - - 1.47 - α-Mg 

8 63.74 - - - 36.26 - Mg12Nd 

9 56.36 - - - 43.64 - Mg41Nd5 

10 80.48 - - - 19.59 - Mg24Nd 

Mg-1.43La        

11 98.19 - - - - 1.81 α-Mg 

12 71.75 - - - - 28.25 Mg12La 

 

 

Table 2. Fitting parameters of the potentiodynamic polarization curves of Mg-RE alloy in 

3.5% NaCl solution. 

Alloy Ecorr (V) Icorr (A.cm-2) βa (V) βc (V) Rp (Ω.cm2) 

Mg-0.41Dy -1.25 0.0096 0.15 -0.69 5.58 

Mg-0.3Ce -1.54 0.0138 0.22 -0.60 5.12 

Mg-0.63Gd -1.52 0.0120 0.18 -0.58 5.02 

Mg-1.44Nd -1.68 0.0215 0.37 -0.57 4.55 

Mg-1.43La -1.80 0.0420 0.48 -0.66 2.89 
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Table 3. Electrochemical parameters obtained from the fits of the experimental EIS data of Mg-RE alloys in 3.5% NaCl solution.  

 

Alloys Rs (Ω.cm2) Rct (Ω.cm2) CPEdl (F.cm-2)  

         Y              n   

Rf (Ω.cm2) CPEf (F.cm-2) 

          Y            n 

L1 (H.cm-2) RL (Ω.cm2) L2 (H.cm-2) 

Mg-0.41Dy 15.06 2400 2.60 ×10-5  0.85 3568 0.00085 0.85 - - - 

Mg-0.3Ce 12.79 1203 2.64×10-5 0.91 2749 0.00118 0.47 15876 1069 - 

Mg-0.63Gd 13.24 986 2.84×10-5 0.88 1993 0.0013 0.53 10228 844 - 

Mg-1.44Nd 12.39 611 3.47×10-5 0.89 769.9 0.0016 0.42 5586 482.8 - 

Mg-1.43La 13.67 13.28 5.16×10-5 0.79 429.1 2.38 ×10-5 0.84 131 1400 12968 
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Table 4.  EDS analysis in weight percentage (wt. %) in several positions in the microstructure 

of immersed Mg-0.41Dy alloy for 24 h in 3.5% NaCl solution (from Fig. 9). 

Position Number O (wt. %) Mg (wt. %) Cl (wt. %) 

1 48.13 35.10 16.77 

2 45.21 40.59 14.20 

3 47.01 50.03 2.95 

 

 

Table 5. Elemental composition (in atomic percentage) of the corrosion product in Mg-0.41 

and Mg-1.43La alloys after immersion for 2 h and 24 h in 3.5% NaCl solution, respectively.  

 

Sample Mg (at.%) O (at.%) C (at.%) Cl (at.%) 

Mg-0.41Dy     

2h of immersion 22.16 65.35 12.11 0.38 

24h of immersion 21.46 65.08 11.00 1.14 

Mg-1.43La     

2h of immersion 20.36 65.80 13.57 - 

24h of immersion 23.62 65.74 9.78 0.86 

  

 

Table 6. Specific physicochemical properties of the RE elements used in the present work 

[53]. 

RE 

element 

Atomic 

number 

Atomic mass 

(g/mol) 

Electron 

configuration 

Electronegativity Density 

(g/cm3) 

La 57 138.9 [Xe]5d16s2 1.17 6.14 

Ce 58 140.12 [Xe]4f15d16s2 1.21 7 

Nd 60 144.24 [Xe]4f46s2 1.19 7 

Gd 64 157.25 [Xe]4f75d16s2 1.2 7.9 

Dy 66 162.93 [Xe]4f106s2 1.21 8.55 
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