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a b s t r a c t

The electrochemical behaviour of a commercial magnesium alloy containing rare-earth elements, the

WE43, was investigated by electrochemical techniques in both sulphate and chloride solutions and

compared to that of pure magnesium (99.95 wt %). A particular attention was paid to the oxides film that

formed during the corrosion process. Electrochemical impedance data analysis allowed the oxides films

thickness to be determined. The filmwas thinner and more protective for the WE43 Mg alloy than for the

pure Mg. ToF-SIMS analysis showed the incorporation of alloying elements, mainly yttrium and zirco-

nium in the corrosion products layer. A higher compactness due to a higher Pilling-Bedworth ratio can

explain the electrochemical results.

1. Introduction

Magnesium alloys are known to have a high strength-to-weight

ratio amongst other structural materials [1,2]. However, their use is

still limited in the transport industries (automotive and aircraft)

due to their poor corrosion resistance and low ignition point [3]. For

theWE43 alloy (Mg-Y-Nd-Zr), addition of rare-earth (RE) elements,

especially Y, and an appropriate heat treatment improved its fire

resistance and its mechanical properties (i.e. tensile strength and

creep) at ambient and high temperature (up to 300 !C) [4e6].

Most of alloying elements have limited solubility in Mg and

therefore all commercial Mg alloys contain intermetallics which act

as local cathodes and consequently increase their corrosion rate.

However, the better corrosion resistance of Mg-Al alloys has been

partly explained in terms of increased passivity by incorporation of

aluminium oxide which stabilizes the magnesium oxide layer, even

though the layer is thinner when the amount of Al is increased [7].

Nordlien et al. have concluded, from transmission electron micro-

scopy observations, that alloying Mg-Al alloys with rare-earth el-

ements improved the passive properties of the oxide film by

reducing the degree of hydration and by increasing the resistance

against cation transport [8]. However, this effect was mainly

attributed to the presence of aluminium as a major alloying

element. For an AZ91 Mg alloy, it was shown that the progressive

dissolution of the a-eutectic phase led to a strong aluminium

enrichment of the corrosion product layer and, when a threshold

has been reached in the level of Al2O3 in the magnesium oxide (or

hydroxide) layer, a change of phenomenology has been observed in

the impedance diagrams [9]. Studying the atmospheric corrosion of

Mg alloys at different temperatures, Esmaily et al. [10] observed an

Al enrichment of the corrosion film, associated to oxidized

aluminium (Al3þ) and a depletion of Al immediately below the film.

It has been shown that intermetallics containing RE elements (Y,

Nd or Zr) were always cathodic by comparison with the Mg matrix

[11e17], except in a recent study of Liu et al. [18]. On the other hand,

it was generally reported that the presence of RE elements in solid

solution in Mg alloys conferred better protection due to the for-

mation of more protective films [19e23]. Some authors claimed

that small addition of Y (less than 0.8wt %) improved the corrosion

resistance of an AZ91 alloy while higher content (2wt %) was

detrimental [14,24,25]. Liu et al. studied the corrosion of several

binary Mg-Y alloys in NaCl or Na2SO4 solutions [26]. In the Na2SO4

solution, the authors found that the corrosion resistance increased

with increasing Y content (in the range 3e7% Y), linked to the

stability of the surface film in a mild environment. In contrast, in



the NaCl solution, the authors showed that the corrosion rate

increased with increasing Y content, attributed to higher amounts

of Y-containing intermetallic particles [26]. Takenaka et al. showed

that the corrosion resistance of Mg was greatly improved by adding

small amounts of RE (La, Nd, Ce), whereas for an RE excess, the

corrosion resistance was deteriorated [21]. Zucchi et al. compared

the electrochemical behaviour of aWE43Mg alloy with that of pure

Mg in diluted chloride or sulphate media [27]. They also concluded

that the presence of RE elements improved the tendency of Mg to

passivation. From the film capacitance, roughly estimated from the

impedance diagrams, the authors showed that a thinner and more

protective film was formed on the WE43 alloy by comparison with

pure Mg [27]. Pinto et al. studied the behaviour of a WE54 alloy and

two other Mg-RE alloys (ZK31 and EZ33) in alkaline media

(pH¼ 13) with or without Cl$ ions [22]. The highest charge transfer

resistance was found for the WE54 alloy and attributed to the for-

mation of a more protective film. For the three Mg alloys, the au-

thors have observed that the impedance diagrams were not

affected by the presence of chlorides [22]. Ardelean et al. used X-ray

photoelectron spectroscopy (XPS) and time-of-flight secondary ion

mass spectrometry (ToF-SIMS) to study the composition of the

corrosion products layer formed on aWE43 alloy surface [28]. They

showed that the inner MgO film was enriched with Y2O3 and

Y(OH)3 and in small amount of MgH2, ZrO2 and Nd2O3. The authors

found that, in a Na2SO4 solution, the corrosion rate was lower for

the WE43 alloy compared to an AZ91 alloy or to pure Mg. It was

recently shown that the addition of Li (wt %> 11) induced a limi-

tation of the anodic dissolution which was mainly attributed to the

formation of a carbonate-rich surface film [29].

Finally, the literature emphasized that the corrosion resistance

of rare-earth Mg alloys is controlled by two antagonist effects:

higher cathodic activity of the intermetallic particles containing

rare-earths and formation of more protective surface films.

Depending of the rare-earth content, the protection by the oxides/

hydroxides films would not be sufficient to counterbalance the

detrimental effect of the galvanic coupling between the particles

and the matrix. The electrolyte, particularly the presence of chlo-

rides also played an important role. These combination effects are

not yet fully understood.

The aim of the present work was to investigate the behaviour of

a commercial WE43 Mg alloy and more particularly to better un-

derstand the role played by the corrosion products layer on its

corrosion resistance. Current-voltage curves and electrochemical

impedance measurements were performed with a rotating disk

electrode (RDE) in aerated Na2SO4 or NaCl solutions. Pure Mg was

also used for comparison. From impedance data analysis, the oxides

films thickness was determined [30e33]. The composition of the

corrosion products formed on theWE43 alloy surface was analysed

by time-of-flight secondary ion mass spectrometry (ToF-SIMS).

2. Experimental

2.1. Materials

Pure Mg was purchased from Alfa Aesar with a purity of 99.95%

(250 ppm Fe; 20 ppm Al; 20 ppm Cu; 46 ppm Mn). The WE43 Mg

alloy was provided by Prodem-Bonnans Company in the T6 thermal

condition. Its composition is given in Table 1 in accordancewith the

ASTM B951-11. For the electrochemical measurements, theworking

electrodes (pure Mg or WE43 alloy) were rotating disks of 1 cm2

surface area consisting of the cross-section of cylindrical rods. The

lateral part of the rods were covered with a heat-shrinkable sheath

leaving only the tip in contact with the solution. The samples were

abraded with successive SiC papers (grade 4000), cleaned in

ethanol in an ultrasonic bath and finally dried in warm air.

The corrosive media were prepared from deionised water by

adding 0.1M Na2SO4 or 0.2M NaCl (analytical grade VWR Chem-

icals reagents, AnalaR NORMAPUR).

2.2. Microstructure characterization

A LEO 435VP scanning electron microscope (SEM) was used for

microstructure characterization of the WE43 Mg alloy. Semi-

quantitative analysis was performed by energy dispersive X-ray

spectroscopy (EDX)with a Ge detector (Imix-PC, PGT). EDX analyses

were performed over different locations on the WE43 alloy surface

to determine the mean chemical composition of the regions of

interest. Prior to the observations, the sample surface was abraded

with successive SiC papers (grade 4000), diamond pastes and SiO2

colloidal suspension (Struers OP-S 0.04 mm). Then, it was etched

with an acetic-glycol solution composed of: 20 mL acetic

acid þ1 mL nitric acid þ60 mL ethylene glycol þ20 mL distilled

water. The acids were purchased from VWR Chemicals and the

ethylene glycol from PanReac Applichem.

2.3. Electrochemical measurements

A classical three-electrode cell was used with a platinum grid

auxiliary electrode, a saturated sulphate reference electrode (MSE)

or saturated calomel electrode (SCE) and the rod of the WE43 alloy

or the pure Mg sample as rotating disk electrode (RDE). The rota-

tion rate was kept at 250 rpm. Current-voltage curves were ob-

tained using a Solartron 1287 electrochemical interface. They were

plotted consecutively from the cathodic to the anodic range

(from $0.5 V vs. the corrosion potential (Ecorr) to þ 0.5 V/MSE). The

potential sweep rate was fixed at 10 mV min$1. The polarisation

curves were corrected from the ohmic drop, based on the electro-

lyte resistance determined from the impedance diagrams. Elec-

trochemical impedance measurements were carried out using a

Solartron 1287 electrochemical interface connected to a Solartron

1250 frequency response analyser (FRA). Impedance diagramswere

obtained under potentiostatic regulation, at the corrosion potential

(Ecorr), over a frequency range of 65 kHz to a fewmHz with 8 points

per decade, using a 30 mVrms sinusoidal voltage. The linearity was

checked by varying the amplitude signal. At least two experiments

were performed. The obtained impedance diagrams were always

consistent with the Kramers-Kronig relations [34].

2.4. ToF-SIMS analysis

The analyses were performed using a TOF SIMS V (IonTOF,

Münster, Germany) operating at a pressure of 10$9mbar. Mass

spectra and imaging experiments were carried out with a 25 keV

pulsed Bi3
þ cluster ion source, delivering 0.40 pA target current. For

the sputtering in dynamic SIMS applications (depth profiling, 3D

imaging), a 10 keV Csþ source was used with 31 nA target current.

For depth profiles, the sputtered crater size was 500 mm% 500 mm

and only a 300 mm% 300 mm areawas analysed in the middle of the

sputtered area. To compensate the charging effect during the depth

profile measurement, a low energy electron flood gun was used.

The data were obtained in negative mode and the secondary ion

mass spectra were calibrated using Cn$ carbon clusters.

Table 1

Chemical composition (wt %) of the WE43 Mg alloy in accordance with ASTM B951-

11, other rare earths (ORE) shall principally be La, Ce, Pr, Nd, Gd, Dy, Er, Yb.

Y Nd Zr Zn ORE Mg

3.7e4.3 2.0e2.5 0.4e1 0.2 1.9 Bal.



3. Results

3.1. Microstructure of the WE43 Mg alloy

A SEMmicrograph of the WE43 Mg alloy is presented in Fig. 1. It

reveals the a-Mgmatrix with large grains (10e100 mm). Insidemost

of the grains, whitish “clouds” are noticeable in back-scattered

electron (BSE) mode (arrow 1). Semi-quantitative EDX analysis

was performed over two zones: the Mg matrix and the whitish

“clouds”. The results are reported in Table 2. The matrix was found

to be mainly enriched in Y, with small additions of Nd and Zr. The

“whitish” clouds are enriched in Zr and slightly depleted in Mg, Y

and Nd by comparison with the matrix. The significant concentra-

tion of Zr in the whitish zones was previously attributed to a

redistribution of this element due to the thermal treatment [35].

Small precipitates appearing in bright on the micrograph are het-

erogeneously distributed both in the grain and at the grain

boundaries (GBs). According to the literature, different morphol-

ogies can be observed: rectangular or irregular shape particles. The

rectangular particles are Y-rich, likely Mg24Y5 intermetallic phase

[11,36,37] and the irregular particles contain Zr [34e38]. An addi-

tional acicular sub-micronic secondary phase, barely visible by

SEM, have been identified as b-Mg14Nd2Y [37,38] or Mg41(Nd,Y)5
and Mg24(Y,Nd)5 [39].

3.2. Current-voltage curves

The polarisation curves for the WE43 alloy and for three im-

mersion times at Ecorr in 0.1M Na2SO4 are presented in Fig. 2. In the

cathodic range (water reduction reaction), the three curves are

superimposed showing that the cathodic reaction is unaffected by

the immersion time. In contrast, in the anodic range, the current

densities significantly decrease between 1 h and 24 h of immersion.

Thus, when the immersion time increases, Ecorr is shifted towards

Fig. 1. SEM micrograph (back-scattered electron (BSE) mode) of the WE43 Mg alloy

after polishing and chemical etching. (1) Zr-rich zone and (2) small Zr or Y precipitates.

EDX data are provided in Table 2.

Table 2

Chemical compositions (wt %) of the Mgmatrix and of the Zr-rich zone for theWE43

Mg alloy obtained by semi-quantitative EDX analysis.

Mg Y Nd Zr

a-matrix 93.1 4.6 1.9 0.3

Zr-rich zone (1) 90.6 3.9 1.6 3.9

Fig. 2. Polarisation curves obtained for the WE43 Mg alloy after 1, 6, and 24 h at Ecorr in

a 0.1M Na2SO4 solution.

Fig. 3. Polarisation curves obtained for the pure Mg and for the WE43 Mg alloy after

24 h of immersion at Ecorr in: (a) 0.1M Na2SO4 and (b) 0.2M NaCl.



more anodic values. These results can be attributed to the pro-

gressive formation of a partially protective film on the alloy surface,

which decreases the active surface area and as a consequence the

corrosion rate decreases [40e47]. The film is assumed to be

composed mainly of MgO/MgOH2 [40e47] and should be enriched

in Y, Nd and Zr, which are the main elements in the magnesium

matrix (Table 2). In the anodic range, linear parts can be observed.

After 24 h of immersion, and around þ400 mV vs Ecorr, an inflexion

point is seen, generally attributed to the breakdown of the oxides

film formed on the alloy surface [47e50].

To study the influence of the electrolytic solution on the

corrosion behaviour of the WE43 alloy, the polarisation curves

were obtained in a Na2SO4 solution or in a NaCl solution after 24 h

of immersion at Ecorr and compared to those obtained for the pure

Mg (Fig. 3). In the NaCl solution (Fig. 3b), for an easier comparison,

the potentials were given relative to the MSE. In the two media, it

can be seen that Ecorr for the WE43 alloy is significantly shifted in

the cathodic direction by comparison with the pure Mg. This shift

(about 350mV) was already reported in the literature and attrib-

uted to the presence of Zr in the Mg matrix [16]. Independently of

the electrolyte and for both metals, the cathodic branch is rather

similar. For the WE43 alloy, both in the Na2SO4 and in the NaCl

solutions, the anodic curves show linear parts on a large potential

domain. In the NaCl solution (Fig. 3b), and for a potential value

of $1.85 V/MSE, an abrupt increase of the current densities is

observed for both metals. For the pure Mg (Fig. 3b), this significant

increase of current occurs close to Ecorr and at þ50 mV vs. Ecorr, the

current density is about 10mA cm$2. This can be attributed to the

breakdown of the oxides film indicating that its stability is affected

by the presence of Cl$. In the Na2SO4 solution, a breakdown po-

tential can be also observed for both the alloy and the pure Mg but

the currents increase was slower (Fig. 3a). It is generally accepted

that Cl$ are more aggressive than SO4
2$ anions. This was partly

explained by a higher ability of Cl$ (designed as chaotrope) than

SO4
2$ (designed as cosmotrope) to dehydrate [51,52].

3.3. Electrochemical impedance measurements

The impedance diagrams (Nyquist coordinates) obtained for the

pure Mg and for the WE43 alloy after 24 h in 0.1M Na2SO4 and in

0.2M NaCl are shown in Fig. 4. The diagrams are characterized by

the presence of three time constants. The high-frequency capacitive

loop results from both charge transfer and a film effect; the second

one, at mid frequency, corresponds to the diffusion of Mg2þ species

through the porous hydroxide layer [42e44]. The inductive loop at

low frequency would be ascribed to the existence of relaxation

process of adsorbed species [42e44,53]. The impedance values are

higher in the case of the WE43 alloy and independent of the elec-

trolytic solution. In the case of pure Mg and in the presence of

chloride ions (Fig. 4a), the impedance is lower compared to that of

the WE43 alloy and the mid frequency loop is barely visible. These

results are in agreement with the anodic behaviour of the two

materials observed on the polarisation curves (Fig. 3).

The values of the charge transfer resistance (RT) associated to the

first capacitive loop were graphically determined for the pure Mg

and theWE43 alloy in the chloride and in the sulphate media. They

are reported as a function of the immersion time in Fig. 5. For the

pure Mg, the RT value stabilizes after 24 h of immersion at about

275U cm2 in the Na2SO4 solution and 70U cm2 in the NaCl solution.

For the WE43 alloy, the RT values are identical in the two media:

during the first 24 h of immersion, RT increases to reach a value of

around 400U cm2 and then, beyond 24 h, RT continues to increase

to reach values of 600U cm2, 800U cm2 and 900U cm2 after 72 h,

240 h and 360 h of immersion, respectively (not shown to keep

identical scales in Fig. 5a and 5b). The higher RT values in the case of

the WE43 alloy might indicate a higher coverage by the oxides/

hydroxides layer by comparison with the pure Mg.

Instantaneous corrosion current densities (icorr) after 24 h of

immersion were calculated by using the Stern-Geary relationship

[54]:

icorr ¼
babc

2:303ðba þ bcÞRT

¼
B

RT

(1)

where ba and bc are the anodic and cathodic Tafel slopes, respec-

tively. B ¼ (1/2.303) (ba bc)/(baþ bc). RT is the charge transfer

resistance. The RT, B and icorr values are reported in Table 3. It can be

seen that in the Na2SO4 solution, icorr is in the same order of

magnitude for the alloy and for the pureMg. In contrast, in the NaCl

solution, icorr is about three times higher for the pure Mg than for

the WE43 alloy. The electrode surfaces were observed after 72 h of

immersion in the NaCl solution for both materials (Fig. 6). The

photographs show that the pure Mg electrode surface is strongly

attacked and rough whereas the WE43 alloy surface appears dull

and relatively smooth. For the WE43 Mg alloy, the corrosion seems

to be developed more homogeneously.

Electrochemical measurements and visual observations of the

samples clearly indicated that the pureMg is strongly susceptible to

chloride ions and conversely, for the WE43 alloy, electrochemical

results did not show any major differences between the two media.

Similar results have been already reported [20,46].

Then, the high-frequency part of the impedance diagrams was

analysed to obtain additional information on the formation and on

Fig. 4. Electrochemical impedance diagrams obtained after 24 h of immersion at Ecorr
in 0.1M Na2SO4 or 0.2M NaCl for: (a) the pure Mg and (b) the WE43 Mg alloy.



the properties of the films. In the case of oxide films, the capaci-

tance of the layer (Cox) can be extracted from the impedance data by

using the complex-capacitance representation, without using any

model [30e33,55]:

CðuÞ ¼
1

ju½ZðuÞ $ Re)
(2)

with u¼ 2pf and Re, is the electrolyte resistance.

First, the Re value must be accurately determined from the

extrapolation at high-frequency on the real axis of the Nyquist di-

agram to correctly represent the complex-capacitance. As an

example, Fig. 7 presents the complex-capacitance plots for the pure

Mg and for the WE43 alloy after 48 h of immersion in the Na2SO4

solution. Capacitances were determined by extrapolation of the

high-frequency data to the real axis (vertical line crossing the C0

axis (C00 ¼ 0) as shown in Fig. 7). This methodology leads to an

overestimation of the Cox values [55]. In Fig. 7, it can be seen that the

value obtained for the WE43 alloy (around 5 mF cm$2) is higher

than that obtained for the pure Mg (around 4 mF cm$2). The Cox
values were determined for different immersion times. For the pure

Mg in the NaCl solution, it was not possible to extract the capaci-

tance values due to dispersion of the points in the high-frequency

range. Fig. 8a compares the time-dependence of the capacitances.

First, it can be seen that Cox always decreases during the first 24 h of

immersion and then stabilizes. From 24 h of immersion, Cox re-

mains stable that might indicate that a large part of the electrode

surface was covered by the oxides film. In agreement with the

variation of the charge transfer resistance with time (Fig. 5), it can

be assumed that the oxides film laterally grows on the electrode

surface. It must be underlined that before 24 h of immersion, the

double-layer capacitance might not be negligible in comparison

with the oxides film capacitance [44]. Assuming that the oxides

film is mainly composed of MgO, its thickness, dox, can be calculated

from the relationship:

Fig. 5. Charge transfer resistance (RT) versus immersion time in a 0.1M Na2SO4 or NaCl

0.2M for: (a) the pure Mg and (b) the WE43 Mg alloy.

Table 3

Instantaneous corrosion current densities calculated from the Stern-Geary rela-

tionship (Eq. (1)) for the pureMg and for theWE43Mg alloy after 24 h of immersion

in a Na2SO4 or NaCl solution.

RT (U cm2) B (mV) icorr (mA cm$2)

Mg/Na2SO4 273± 5 36± 2 132± 8

Mg/NaCl 67± 5 36± 2 537± 28

WE43/Na2SO4 418± 5 64± 2 153± 5

WE43/NaCl 406± 5 64± 2 158± 5

Fig. 6. Visual observations of the electrode surfaces after 72 h of immersion in 0.2M

NaCl for: (a) the pure Mg and (b) the WE43 Mg alloy.



dox ¼
εε0

Cox
(3)

where ε is the dielectric permittivity of the MgO (ε¼ 10 [56]) and

ε0 is the vacuum permittivity. From the estimation of Cox, dox varied

from 2.1 to 2.5 nm for the pure Mg, in agreement with the range of

3e5 nm, estimated by TEM [47], from 1.6 to 1.9 nm for the WE43

alloy in the Na2SO4 solution and from 1.2 to 1.5 nm in the NaCl

solution (Fig. 8b).

3.4. ToF-SIMS analysis

The ToF-SIMS depth profiles obtained on the WE43 Mg alloy

after 144 h of immersion in 0.1M Na2SO4 are shown in Fig. 9. The

first 100 s of sputtering corresponds to the stabilization of the dy-

namic regime and are not taken into account. MgO$, MgOH$ and

MgO2H
$ fragment ions have the most intense signals, associated

with the existence of the MgO/Mg(OH)2 layer. The MgOH$ and

MgO2H
$ fragment ions are characteristic of brucite. The MgO$

signal remains stable until 7500 s and increases until the end of the

experiment, whereas the MgO2H
$ and the MgOH$ signals slowly

decrease from about 400 s of sputtering. The presence of SO2
$ and

SO3
$ signals throughout the depth profiles indicates the presence of

the electrolyte salt in the corrosion products layer. Their intensities

progressively decrease through the layer as approaching the metal/

film interface. YO$ and ZrO$ signals continuously increase with the

sputtering time, particularly during the first 2000 s. A weak signal

attributed to the NdO$ fragment ion is also detected. This indicates

an enrichment in Zr and Yof the inner part of the film and a smaller

enrichment in Nd of the outer part. The 3D chemical imaging of

selected fragment ions: MgO$, MgO2H
$, YO$ and ZrO$ are pre-

sented in Fig. 10 for four sputtering times. The 3D representation

allows the layer composition to be better visualised. First, it must be

mentioned that after 144 h of immersion in the electrolyte, the

WE43 alloy surface appeared cracked and the cracks seemed to

correspond to the grain boundaries (GBs) (Fig. 1). All the 3D images

confirmed the presence of these cracks (dark zones in the YO$/ZrO$

chemical imaging). This would indicate a difference of reactivity

between the Mg matrix and the GBs. The MgO$ signal is only

observed above the Mg matrix whereas the MgO2H
$ fragment ion

is more visible in the cracked areas, particularly close to the metal/

film interface. This might indicate that the Mg matrix is partially

protected by the oxides layer and the dissolution would proceed at

the GBs. Local inhomogeneity in the GBs and the presence of noble

intermetallic particles (Fig. 1) could serve as local cathodes,

favouring the formation of hydroxyl ions and the precipitation of

MgOH2 in these areas [36]. ZrO$ is only localized in some regions of

the surface and in contrast YO$ is homogeneously distributed in-

side the grain, in agreement with the Y enrichment of the Mg

matrix (Table 2).

The ToF-SIMS analysis revealed a homogeneous enrichment in

yttrium (probably as Y2O3 or Y(OH)3)) and local enrichments in

zirconium and to a less extent in neodymium of the oxides/hy-

droxides layer, corroborating previous studies [20,27,28].

Fig. 7. Complex-capacitance plots corresponding to the impedance spectra of the pure

Mg and the WE43 Mg alloy obtained after 48 h of immersion at Ecorr in 0.1M Na2SO4

solution.

Fig. 8. (a) Oxides film capacitance (Cox) obtained from the complex-capacitance plots

and (b) oxides film thickness (dox) calculated according to Eq. (3) as function of im-

mersion time for the pure Mg and the WE43 Mg alloy in 0.1M Na2SO4 and for the

WE43 Mg alloy in 0.2M NaCl. Errors bars account for the uncertainty on the deter-

mination of the capacitance values at high-frequency.



tively similar in the NaCl and Na2SO4 solutions but therewas, on the

other hand, an influence of the electrolyte on the behaviour of the

pure Mg (Figs. 3e5). From the impedance data analysis, it was

possible to extract the oxides films thickness (Fig. 8b). Even if the

values cannot be accurately determined, the complex-capacitance

plots allowed the films thickness to be compared. It was shown

that the films in the NaCl and Na2SO4 solutions were thinner for the

WE43 alloy than for the pure Mg. Interestingly, although the

polarisation curves and the impedance diagrams for theWE43 alloy

appeared relatively comparable in both electrolytes (Figs. 3e5), the

oxides film was thinner in the NaCl solution (Fig. 8). This is

consistent with the breakdown of the oxides film (abrupt increase

of the anodic current density) which was clearly seen in the

chloride-containing solution (Fig. 3b). The aggressiveness of Cl$

was related for a part to their tendency to lose their hydration shell

during the penetration in the film [51,52]. In addition, after about

24 h of immersion, the oxides films thickness remained constant

over a period of at least 100 h (Fig. 8). This result can be explained

by the fact that the films extended only laterally over the electrode

Fig. 9. ToF-SIMS depth profiles (negative ions) of the oxides/hydroxides film formed

on the WE43 Mg alloy surface after 144 h of immersion in 0.1M Na2SO4.

Fig. 10. 3D chemical imaging by ToF-SIMS analysis (negative mode) of the oxides/hydroxides film formed on the WE43 alloy surface. Only a few chosen ions are presented. The four

images were acquired after 500 s, 4500 s, 9000 s and 12000 s of sputtering. Analysed surface area: 300 mm% 300 mm.

4. Discussion

The electrochemical behaviour of the WE43 Mg alloy was rela-



surfaces (progressive coverage with increasing immersion time).

The oxides films growth was similar for both materials, mainly

linked to the corrosion of the Mg matrix.

For the WE43 alloy, ToF-SIMS analysis showed an enrichment of

the oxides/hydroxides layer by the alloying elements, such as

yttrium (likely Y2O3 or Y(OH)3) [26e28]. The smaller thickness of

the oxides film for the Mg alloy can be explained by taking into

account the Pilling-Bedworth (PB) ratio. For pure MgO, the PB ratio

is inferior to 1 (0.8 [1,2,57]) indicating that the oxides film cannot

completely covers the metal surface. In the case of Y, the PB ratio is

greater than 1 (1.13 [57] or 1.39 [58]). The Mg oxide, enriched in Y,

would be thinner and would have a higher coverage ability of the

WE43 alloy surface. A schematic description of the oxides/hy-

droxides layer is shown in Fig. 11. The impedance diagrams ob-

tained at the corrosion potential partly reflected the surface

coverage by the oxides film, independently of the thickness. That is

why the diagrams for the WE43 alloy were similar in the two

electrolytes and the impedance values were almost twice those

obtained for the pure Mg in the Na2SO4 solution (lower coverage).

In the NaCl solution, due to the aggressiveness of Cl$, the oxides/

hydroxides layer formed on the pure Mg surface provided a limited

protection. The impedance values were low (Figs. 4 and 5) and the

electrode surface was strongly corroded (Fig. 6).

Finally, it can be mentioned that hydrogen gas is formed during

the corrosion process and may penetrate into the Mg. This point

was not discussed in the present work but it should be taken into

account to have amore complete insight of the effect of the alloying

elements on the corrosion behaviour of Mg alloys. It was recently

shown that additions of <1wt % of Zr or Nd toMg greatly enhanced

the hydrogen ingress [59].

5. Conclusions

The electrochemical behaviour of the WE43 Mg alloy was

investigated in NaCl and Na2SO4 solutions and compared to that of

pure Mg. From the analysis of the high-frequency part of the

impedance diagrams, using the complex-capacitance plot, the films

thickness was determined without the need of a fitting procedure.

It revealed that the oxides filmwas about 35% thinner for theWE43

alloy than for the pureMg in the Na2SO4 solution. ToF-SIMS analysis

showed an enrichment of the corrosion products layer in Y and to a

less extent in Zr and Nd. The incorporation of the alloying elements

would be at the origin of the thinner and more stable oxides film in

agreement with the increase of the Pilling-Bedworth ratio in the

case of the WE43 alloy.
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