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A B S T R A C T   

Corrosion and corrosion inhibition of WE43 magnesium alloy were investigated in NaCl solutions containing 
different amounts of sodium molybdate. Electrochemical, microscopic, and spectroscopic experiments were 
utilized to examine the mechanism of corrosion inhibition by molybdates. Electrochemical data showed that 
Na2MoO4 inhibitor provides reliable inhibition at concentrations at and above 100 mM. Raman and XPS spec-
troscopy demonstrated that the formed surface layer consists of mixed Mo(V, IV) species. This layer provided 
inhibition with an efficiency of 91–99 % after 24 h of exposure. A two-step oxidation-reduction mechanism of 
corrosion inhibition of the WE43 alloy by aqueous molybdates was proposed.   

1. Introduction 

Magnesium alloys are the lightest metallic structural materials 
widely used in commercial applications. The basic function of alloying 
elements in Mg alloys is to promote formation of strengthening inter-
metallic phases (IMPs) that improve desired material properties [1]. The 
most successful Mg alloys developed to date are Mg-Al-Zn and Mg-Y-RE 
(rare earth metals) systems [2–4]. Of these, the former have better 
thermal stability and can be used at moderately elevated temperatures 
up to 250 ◦C [5]. The resulting high strength-to-density ratio, good 
castability, high creep, ignition, and flame resistance made Mg-Y-RE 
alloys an attractive option for demanding applications in aerospace, 
automotive, and military sectors [2,5]. However, low standard electro-
chemical potential (− 2.37 V vs. SHE) and high reactivity of Mg cause 
high susceptibility to corrosion degradation. This characteristic is 
extensively used in biomedical applications of Mg alloys as biodegrad-
able implants [6,7], yet it is undesirable during industrial use. In the 

absence of surface protection, weak corrosion resistance significantly 
limits the range of Mg alloys applications, especially in technically 
relevant aqueous and non-aqueous media, usually containing chloride 
ions [8,9]. Moreover, IMPs formed in alloys can increase the suscepti-
bility to localized corrosion due to the microgalvanic interactions with 
the alloy’s matrix [10,11]. 

There are two major strategies to improve the corrosion resistance of 
Mg alloys: (a) tailoring the composition and microstructure or (b) 
modification of the surface. Even with a notable progress in recent years 
[12–16], alloying of Mg is still a challenge and does not allow for 
considerable long-lasting improvement in corrosion resistance. For that 
reason, development of efficient and environmentally friendly protec-
tive schemes would be a benefit. Such a technology can be achieved by 
combining surface treatment with efficient corrosion inhibitors [17–21]. 

The protective action of a conventional inhibitor is based on the 
direct passivation of the metal surface or interaction with the products of 
metal corrosion, which result in the formation of a passivation layer 
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[17]. In the latter case, an initial pre-corrosion step is required that 
might be undesirable. For several decades hexavalent chromium com-
pounds were mostly applied to protect Mg alloys from corrosion. Hex-
avalent chromium is effective but unfortunately highly irritating, toxic, 
and harmful to the environment [17], making it desirable to replace Cr 
(VI) with more environmentally benign alternatives. 

In recent years, a notable progress in the understanding of inhibiting 
corrosion of Mg alloys has been achieved [17,18]. Lamaka et al. reported 
the importance of suppressing cathodic activity of iron impurities or 
cathodic IMPs, which can act as active sites for hydrogen reduction 
[22–24]. They also examined the inhibiting effect of 151 individual 
compounds as potential inhibitors for Mg alloys [20], and proposed 
sodium salts of pyridinedicarboxylic and salicylic acids as the most 
efficient and universal inhibitors for Mg alloys. Later, the approach of 
blocking Fe-rich sites by sulphur was propped in [25]. Based on this, a 
good inhibitor for Mg-Y-RE alloys should be of mixed nature, sup-
pressing anodic dissolution of the Mg matrix and the cathodic activity of 
IMPs and noble impurities. 

In our previous studies we have shown that aqueous solutions of 
vanadate and molybdate provided efficient corrosion inhibition of the 
Al-Mg-Si alloy AA6063-T5, which also contains a high fraction of Fe-rich 
cathodic IMPs [26–29]. The rapid adsorption of these oxyanions on the 
alloy matrix and IMPs, which with further reduction results in a pro-
tective layer of mixed-valence oxides, suggests their potential effec-
tiveness for Mg alloys. Existing literature reports include significant 
examinations of permanganate oxyanions as inhibitors of Mg alloys [17, 
18], while not so much attention has been given to other oxyanions, e.g. 
vanadate, molybdate, and tungstate. Although, both vanadate and 
molybdate have been classified as unpromising inhibitors in the report 
of Lamaka et al. [20], recently the group of Buchheit et al. reported a 
clear corrosion inhibitive effect of vanadate [30,31] and selenite [32,33] 
ions for the AZ31 Mg alloy. 

A few studies have described the utilization of molybdate together 
with phosphate or cerium ions for conversion treatment of Mg-Al-Zn 
[34–39] and Mg-Zn-Y-Zr [40] alloys. In these cases, molybdate was 
forming stable surface films, which significantly increased the corrosion 
resistance of the substrate. Since most conversion coatings act by 
releasing soluble inhibiting species into the aqueous environment, it is of 
interest to understand the mechanism of inhibition provided by dis-
solved species [32]. To our best knowledge, no attempt to examine the 
corrosion protection of Mg-Y-RE alloys by soluble molybdates has been 
described in the literature. Moreover, correlation of the inhibition 
mechanism with the microstructure of these alloys still requires a better 
fundamental understanding. The aim of this study was to elucidate the 
mechanism of corrosion inhibition provided by aqueous molybdates 
towards the Mg-Y-RE (WE43) alloy in aqueous NaCl medium, with a 
specific focus on morphology and phase composition of the metal sur-
face before and after corrosion experiments. 

2. Experimental 

2.1. Materials and sample preparation 

The magnesium alloy WE43 used in this study was prepared as a 
plate material according to the procedure reported elsewhere [9]. The 
nominal chemical composition of the alloy is given as (wt.%): 3.7 Y, 2.2 
Nd, 0.51 Zr, <0.05 other elements, and balance Mg. The substrate ma-
terial was cut to specimens with sizes about 10 mm × 10 mm × 5 mm. 
Before experiments, the samples were mechanically ground to 4000-grit 
in 99.9 % ethanol. For atomic force microscopy (AFM) and X-Ray 
photoelectron spectroscopy (XPS) measurements samples were further 
polished with up to 0.25 μm non-water suspension until a mirror-like 
surface without visible scratches was achieved. For electrochemical 
measurements, samples were embedded in epoxy resin with electrical 
connection on the opposite side of the examined surface. 

2.2. Scanning electron microscopy (SEM) and energy-dispersive X-ray 
(EDX) analyses 

The surface morphology and elemental composition of the samples 
before and after the corrosion experiments were investigated using a 
JEOL JSM-7500 F Field Emission Scanning Electron Microscope equip-
ped with a retractable backscattered-electron detector (RBEI) and an 
INCA PentaFetx3 EDX system. 

2.3. Scanning probe microscopy (SPM) measurements 

Scanning probe microscopy measurements of surface topography 
and contact Volta potential difference using scanning Kelvin probe force 
microscopy (SKPFM) were carried out with an NTEGRA Aura (NT-MDT) 
AFM setup using HQ:NSC18 probes (MikroMasch) with platinum 
coating. The lift distance for the SKPFM measurements in the second 
pass was 100 nm. The measurements were conducted in air at ambient 
conditions and relative humidity of around 50 %. The resulting topog-
raphy and potential images contain 256 × 256 data points. 

2.4. Electrochemical measurements 

Electrochemical experiments were carried out using a traditional 
three electrode setup with a saturated Ag/AgCl reference electrode and a 
Pt-mesh counter electrode on an Autolab PGSTAT302 N potentiostat/ 
galvanostat. Electrochemical measurements were performed in the 
following order: electrochemical impedance spectroscopy (EIS), polari-
zation resistance by linear polarization resistance (LPR), and potentio-
dynamic polarization after 1 and 24 h of exposure to the examined 
solutions. Different samples were used to perform each series of mea-
surements. The measurements were at least triplicated and the results 
were recalculated to the surface area of 1 cm2. 

All solutions for corrosion studies were prepared with NaCl (≥99.5) 
and Na2MoO4 (≥99.5) received from Chemsolute (Th. Geyer Polska) and 
Polwater deionized water with resistivity of 18.2 MΩ cm. Corrosion 
experiments were performed in 0.05 M NaCl with the concentration of 
the inhibitor varying in the range of 5–150 mM. The solutions were 
stored in closed flasks for 24 h under laboratory conditions (~20 ◦C) to 
ensure equilibration of Mo species. Reference measurements were done 
in 0.05 M NaCl without inhibitor. 

EIS measurements were carried out at the open-circuit potential 
(OCP) over the frequency range from 105 to 10–2 Hz using a sinusoidal 
perturbation amplitude of 10 mV. The ZView 3.2с software was used for 
data analysis and spectra fitting. 

LPR scans were performed in the overpotential range of ±10 mV vs. 
OCP. The polarization resistance (Rp) was defined as the slope of the 
potential vs. current density curve based on the Stern-Geary equation: 

Rp =
ΔE

ΔiΔE→0
. (1) 

Potentiodynamic polarization curves were recorded at a scan rate of 
0.5 mV/s starting from − 200 mV vs. OCP. The measurement was 
aborted when the polarization reached +500 mV vs. OCP or when the 
registered current reached 2 mA/cm2. The Nova 2.1.4 software was used 
to extract the electrochemical parameters from the polarization curves. 

2.5. Raman spectroscopy 

Raman spectra of the WE43 surface were acquired ex-situ with a 
Jobin-Yvon T64000 Raman spectroscopy system using a 514.5 nm laser 
with incident power of 12 mW. The total acquisition time was 300 s. 

2.6. X-ray photoelectron spectroscopy (XPS) 

High-resolution XPS spectra were registered directly after exposure 
to the studied electrolytes for 1 and 24 h using a ThermoFisher Scientific 
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Escalab 250Xi spectrometer, equipped with an Al Kα X-Ray source (spot 
size 250 μm), operating at a pass energy of 10 eV. The samples were 
removed from the solutions, rinsed with deionized water, air dried, and 
transferred to a vacuum chamber within 5 min. The binding energy 
values were charge corrected to the carbon C 1s excitation which was set 
at 284.6 eV. Peak deconvolution was performed in the Avantage 
software. 

3. Results and discussion 

3.1. Microstructure characterization 

The microstructure of as-polished WE43 alloy consists of an α-Mg 
matrix and numerous eutectic IMPs with different shapes, as shown in 
Fig. 1. The major fraction of secondary phases has a mesh-type body 
with sizes around 15–20 μm and rod-shaped laterals of up to 100 μm in 
length, which is typical for the WE43 alloy [2]. The composition of these 
IMPs depends on the bulk alloy composition and casting processes [2, 
41]. Surface elemental EDX maps showed that the formed IMPs are rich 
in Nd with smaller enrichment of Zr and Y, which are evenly dispersed 
through the IMP (Fig. 1c). Based on the point EDX analysis the particle is 
composed of 85.8 at.% Mg, 9.4 at.% Nd, 4.8 at.% Y, and <1 at.% Zr, 
which is close to the Mg9Nd2Y-type IMP. 

The electrochemical activity of the IMPs found at the surface of the 
WE43 alloy was examined using SPM methods. Topography and contact 
Volta potential difference maps of surface regions containing such IMP 
are shown in Fig. 2. 

The surface topography maps (Fig. 2a) do not show direct evidence 
of IMPs on the surface. However, the surface of the as-polished alloy is 
rapidly oxidized even in ambient air, which results in formation of an 
oxide/hydroxide layer of corrosion products. Some surface precipitates 
indicated in Fig. 2a, b were protruding from the surface by hundreds of 
nanometers and can be remnant particles of the polishing suspension. 
The height profiles presented in Fig. 2c show height fluctuations of 
typically about 50 nm, with some reaching 200 nm over the corrosion- 
induced precipitates. 

The SKPFM measurement is a useful tool to predict and understand 
the local micro–galvanic corrosion propensity of metals [29,42–44]. A 
linear relation between the Volta potential measured in air and the 
corrosion potential in aqueous solutions [42] can be used to assign 
surface regions in the material as being preferentially anodic or 
cathodic. Some intermetallic particles are clearly visible in the SKPFM 
Volta potential map since they have a different contact potential dif-
ference compared to the alloy matrix, see Fig. 2b. In the galvanic couple 
IMP-Mg matrix, the matrix will serve as the anode due to its lower Volta 
potential [11,45]. Thus, it can be expected that in the case of galvanic 
corrosion, local corrosion will be initiated at the IMP/matrix interface 
and will procced towards the alloy matrix. The surface potential profiles 
(Fig. 2d) revealed a Volta potential difference of ~60 mV for the large 
IMP (profile 1) and ~50 mV for the smaller one (profile 3) relatively to 
Mg matrix. These values are two-three times larger than those previ-
ously reported for Mg-Nd-Y IMPs [46]. This can be explained by a lower 
fraction of anodic component (Mg) in the Mg9Nd2Y-type IMPs found in 
the examined alloy as compared to the Mg12(Nd,Y) phases in [46]. 

Fig. 1. SEM images of as-polished WE43 surface (a, b) and EDX maps (c) showing elemental distribution over the surface region marked in (b).  
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Fluctuations of the Volta potential over the surface of the Mg matrix do 
not exceed 20 mV and are suggested to be caused mainly by the inho-
mogeneous layer of atmospheric corrosion products on the surface. 

3.2. Electrochemical evaluation of corrosion inhibition by molybdate 

The corrosion properties of the WE43 alloy at different molybdate 
concentrations in 0.05 M NaCl solution were evaluated by a set of 
electrochemical measurements, coupled with SEM/EDX observations. 

3.2.1. Potentiodynamic polarization 
The OCP was followed for 1 h under each condition. The OCP profiles 

of the WE43 alloy monitored for 1 h after immersion in 0.05 M NaCl with 
varying concentrations of dissolved Na2MoO4 are shown in Fig. 3. In the 
0.05 M NaCl solution without inhibitor the OCP of the WE43 alloy grad-
ually increased from –(1.67 ± 0.08) V to –(1.51 ± 0.12) V. In the presence 
of the molybdate inhibitor, the OCP evolved differently over time. At the 
outset of the exposure, the OCP value shifted in the cathodic direction up 
to ca. –1.50 V (5 and 10 mM/L of added Na2MoO4) and –1.42 V (50–150 
mM/L of added Na2MoO4), suggesting rapid adsorption of molybdate on 
the surface of the WE43 alloy. The OCP in the solution containing 5 mM 
Na2MoO4 was rapidly increasing during the first minutes of the experi-
ment and then stabilizing at about − 1.43 V with small but distinct fluc-
tuations. Further increase in the amount of added inhibitor did not 
significantly change the trend of the OCP variation with time: a rapid OCP 
increase during the first 10 min followed by potential stabilization without 
prominent fluctuations. The value of the stabilized OCP increased with 
increasing molybdate concentration and reached ca. –1.26 V in the 150 
mM Na2MoO4 + 0.05 M NaCl solution. The OCP profiles suggest that at 
high concentrations the molybdate inhibitor rapidly forms a stable film, 
which shifts the corrosion potential in the noble direction. 

Potentiodynamic polarization curves obtained after 1 and 24 h of 
exposure in 0.05 M NaCl solutions with different concentrations of the 
molybdate inhibitor are shown in Fig. 4. The results of the measurement 
in absence of inhibitor revealed, as expected, that the WE43 alloy has a 
poor corrosion resistance under such conditions. Both the cathodic and 
anodic branches of the polarization curves showed an active response 
with the corrosion current density, icorr, determined by Tafel extrapo-
lation, of (4.1 ± 1.4) × 10–5 A/cm2 and (7.2 ± 0.8) × 10–5 A/cm2 after 1 

Fig. 2. Topography AFM map (a) and corresponding SKPFM Volta-potential map (b) of a WE43 alloy surface. Line profiles show the topography (c) and Volta- 
potential (d) along the lines in the corresponding maps (a, b). The image size was 100 × 100 μm2. Arrows in (a, b) indicate surface precipitates. 

Fig. 3. Time-dependent open-circuit potential (OCP) of the WE43 alloy in 0.05 
M NaCl solutions containing various amounts of Na2MoO4 inhibitor. 
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and 24 h of exposure, respectively (Table 1). The polarization curves 
obtained in molybdate-containing NaCl solutions showed a notable 
change in the kinetics of the anodic processes. A gradual decrease in icorr 
was observed with increasing molybdate concentration. The corrosion 
potential, Ecorr, gradually increased, following the trend of the OCP. The 
largest inhibitory effect was observed at 100 and 150 mM of added 
Na2MoO4, for which the value of icorr decreased by an order of magni-
tude and Ecorr increased by ca. 190− 200 mV compared to the situation 
without inhibitor. This was the case for the WE43 samples exposed for 
both 1 and 24 h. Furthermore, starting from 50 mM of added Na2MoO4 it 
was possible to mark the breakdown potential, Ebr, on the anodic 
branches of the polarization curves recorded after 1 h of corrosion. This 
provides evidence for the presence of a protective layer on the WE43 
alloy surface under these conditions. 

Small-amplitude LPR scans performed in the overpotential range of 
±10 mV vs. the OCP under the same experimental conditions showed 
gradual increase in the Rp values with increasing inhibitor concentration 
up to 100 mM. However, the addition of 150 mM Na2MoO4 to 0.05 M 
NaCl solution resulted in a noticeable decrease in Rp (Table 1). Using the 
values of icorr and Rp extracted from the potentiodynamic results in NaCl 
solutions without and with the molybdate inhibitor it is possible to 
evaluate the inhibition efficiency, IE, which was calculated as: 

IE1 = [1 − (icorr
/

i0
corr)] × 100%, (2)  

IE2 = [1 − (R0
p

/
Rp)] × 100%, (3)  

where i0corr, R0
p and icorr, Rp are the corrosion current densities and po-

larization resistances in the absence and presence of the inhibitor, 
respectively. The highest IE was reached in the solutions containing 100 
and 150 mM of Na2MoO4 (Table 1). 

3.2.2. Electrochemical impedance spectroscopy 
The results of EIS measurements of the WE43 alloy in 0.05 M NaCl 

solution without and with inhibitor are shown in Fig. 5. The Nyquist plot 
of the WE43 alloy in 0.05 M NaCl solution without inhibitor (Fig. 5a) 
characteristically displays one large capacitive loop at high frequencies, 
a smaller depressed capacitive loop at medium to low frequencies, and 
an inductive loop at low frequencies. Such a frequency response of the 
electrical impedance for Mg alloys in NaCl solutions has previously been 
reported in several studies [47–49]. In this case, the inductive property 
is typically associated with relaxation processes of adsorbed in-
termediates of the corrosion process [47,49–53]. However, their exact 
nature is still debated [47] and requires further analysis. 

The impedance of the WE43 alloy was observed to increase in 
inhibitor-containing 0.05 M NaCl solutions after both 1 and 24 h 
(Fig. 5b,c). Typically, the amplitude of the low-frequency capacitive 
loop, corresponding to the impedance of the WE43 surface, increased 
significantly and indicated improved corrosion resistance. A low- 
frequency inductive response was also clearly visible, except for the 
case of 24 h in solutions containing 100 and 150 mM of Na2MoO4, where 
only the capacitive response was registered (Fig. 5c). That is explained 
by the blocking effect of the inhibitor layer and corrosion products 

Fig. 4. Potentiodynamic polarization curves obtained after 1 h (a) and 24 h (b) exposure in 0.05 M NaCl without and with molybdate inhibitor. The scale in (a) and 
(b) is the same for the ease of comparison. The scan direction was from the cathodic to the anodic branch. 

Table 1 
Electrochemical parameters with standard deviation of three measurements extracted from potentiodynamic polarization measurements in 0.05 M 
NaCl solutions with varying concentration of Na2MoO4 inhibitor.  

C(Na2MoO4) /mM Ecorr/V icorr/А/cm2 IE1/% Rp/Ω cm2 IE2/% 

1 h of immersion 
0 –1.410 ± 0.052 (4.1 ± 1.4) × 10–5 – 672 ± 40 – 
5 –1.334 ± 0.025 (2.3 ± 1.3) × 10–5 56 1081 ± 45 38 
10 –1.307 ± 0.031 (8.1 ± 1.8) × 10–6 84 2033 ± 118 67 
50 –1.234 ± 0.030 (6.4 ± 0.7) × 10–6 87 2912 ± 359 77 
100 –1.221 ± 0.014 (4.6 ± 0.5) × 10–6 91 3363 ± 167 80 
150 –1.206 ± 0.007 (7.2 ± 0.6) × 10–6 86 2567 ± 241 73  

24 h of immersion 
0 –1.477 ± 0.095 (7.2 ± 0.8) × 10–5 – 456 ± 29 0 
5 –1.318 ± 0.044 (1.1 ± 0.9) × 10–4 –57 214 ± 18 –113 
10 –1.355 ± 0.015 (5.3 ± 1.4) × 10–5 26 489 ± 89 7 
50 –1.243 ± 0.102 (8.9 ± 1.5) × 10–6 87 1946 ± 219 77 
100 –1.199 ± 0.091 (3.6 ± 0.8) × 10–6 95 5626 ± 326 92 
150 –1.187 ± 0.073 (4.0 ± 0.5) × 10–6 94 5358 ± 489 91  
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adsorbed on the alloy surface, which suppress the active dissolution of 
the alloy. EIS spectra recorded after 24 h exposure to 0.05 M NaCl so-
lution without inhibitor and with 5 mM of molybdate were highly dis-
torted (Fig. 5c), due to pronounced corrosion attack. 

The EIS data were analyzed and fitted following the approach pro-
posed in [47]. To minimize the possible overestimation of the corrosion 
resistance, the inductive response at low frequencies was taken into ac-
count in all spectra. The equivalent circuit used for spectra fitting is shown 
in Fig. 5d. In this circuit, Rs is the solution resistance, CPE1 represents the 
capacitance response of the surface film, L1 and R1 are the inductance and 
resistance parameters involving adsorbed intermediates that give rise to 
the impedance response at low frequencies, R2 is the surface film resis-
tance, CPE2 represents the double-layer capacitive response, and R3 is the 
charge transfer resistance [47,49,54]. Before fitting, the data reliability 
was evaluated using Kramers–Kronig transform test proposed by Boukamp 
[55] with the χ2-distribution quality usually better than 10–3. The quan-
titative assessment of IE in this case was performed based on the Rp values 
using Eq. (3). From EIS spectra, Rp can be estimated as the difference 
between the solution resistance (Rs) and the low-frequency intersection of 
the total impedance with the abscissa. This approach is graphically illus-
trated in Fig. 5a. In this case, after fitting experimental data with the 
proposed circuit (Fig. 5d) in the measured frequencies range, the fitted 
data were extrapolated to lower frequencies. On the other hand, for the 
used equivalent circuit Rp can also be calculated as: 

1
Rp

=
1
R1

+
1

R2 + R3
. (4)  

Here it is assumed that the capacitive response of the measured system 
approaches infinite impedance and the inductive response approaches 
zero as the measurement frequency tends towards zero [47]. The dif-
ference in Rp values obtained by these two approaches did not exceed 
0.2 Ω. Note that IE was calculated based on Eq. (4), not from graphical 
extrapolation. The obtained fit parameters and calculated Rp and IE 
values are summarized in Table 2. 

The lowest value of Rp was found for WE43 in 0.05 M NaCl solution 
without inhibitor. In molybdate-containing solutions, Rp increased 
gradually with concentration, except for the case when 150 mM 
Na2MoO4 were added. 

Summarizing the results of the electrochemical measurements, it is 
clearly seen that Rp and IE values in all cases suggest significant corro-
sion inhibition by molybdates at high (50–150 mM) concentrations. 
However, the exact values determined under the same experimental 
conditions but by different electrochemical methods showed some 
discrepancy, especially in solutions containing 5–10 mM of molybdate 
inhibitor. This arises from the different nature of the measured param-
eters. Another reason may come from the used measurement procedure. 
Experimental data were obtained from the surface of a sample in the 
following order: EIS → LPR(Rp) → potentiodynamic polarization. The 

Fig. 5. Nyquist EIS plots in 0.05 M NaCl solution without and with varying amounts of Na2MoO4 inhibitor after 1 h (a, b) and 24 h (c) of exposure. The symbols 
represent experimental data and the lines are results of curve fitting using the equivalent circuit (d). 
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total duration of the measurement was around 30 min that may also 
affect the reported inhibitor efficiency. Based on the electrochemical 
experiments, a concentration of 100 mM of the Na2MoO4 inhibitor was 
selected as the most promising, and it was used in further experiments. 

3.3. Post-corrosion surface analysis 

To further understand the mechanism of the inhibition action of 
molybdate, free exposure corrosion experiments in 0.05 M NaCl solution 
without and with 100 mM of the molybdate inhibitor were performed, 
and the surface morphology as well as the surface film composition were 
analyzed. 

3.3.1. Surface morphology 
SEM micrographs of the WE43 surface after 1 and 24 h of exposure to 

0.05 M NaCl solution are shown in Fig. 6. Two characteristic surface 
regions can be distinguished after 1 h in NaCl solution (Fig. 6a–f). The 
first region (Fig. 6a–c) is characterized by general corrosion of the sur-
face with some local corrosion attack in the periphery of IMPs marked 
with an arrow in Fig. 6b. Simultaneously, some regions of the surface 
have undergone especially severe corrosion attack already after 1 h 
(Fig. 6d–f). In this case, numerous areas of pitting corrosion of the alloy 
matrix (marked with arrows) with a thick layer of corrosion products 
covering the surface were detected. After 24 h of exposure, the whole 
surface of the sample was covered with a thick, uneven layer of corro-
sion products with some clearly seen globular particles on the top. The 
results of the point EDX analysis (marked with * in Fig. 6h) showed that 
these regions are rich in Mg (38–44 wt.%), O (35–55 wt.%), and Cl 
(0.8–4.2 wt.%), supporting deposition of an oxide-hydroxide layer of 
corrosion products on the surface. 

Fig. 7 shows the surface morphology of the WE43 alloy after im-
mersion in 0.05 M NaCl with 100 mM of the molybdate inhibitor. In this 
case the surface morphology was clearly different with almost the whole 
surface covered by a passivating Mo-containing layer already after 1 h of 
exposure. Evidently, the thickness of this layer appears to be larger over 
the alloy matrix than over IMPs, and outlines of single IMPs can be easily 
distinguished (Fig. 7b,c). Numerous cracks observed in the passive layer 

are most probably caused by internal stress originating from the drying 
of the samples upon their removal from the test solution. This feature is 
well-known for thick passivating layers [38,56]. Some round-shaped 
non-covered surface regions seen in Fig. 7b are caused by hydrogen 
bubbles, generated due to corrosion attack during the first minutes of 
immersion and adsorbed on the surface. The surface coverage of the 
Mo-based layer increased after 24 h with an almost homogeneous dis-
tribution even over IMPs (Fig. 7d–f). Some flakes of the passivating layer 
were observed to partially exfoliate from the alloy surface. This may be 
attributed to an action of hydrogen bubbles formed on the metal/passive 
layer interface due to the corrosion attack initiated in the defects of the 
passive layer. Nevertheless, this exfoliation will not result in permanent 
loss of corrosion protection as molybdate ions in the solution will readily 
form a new protective layer. 

The point EDX analysis (areas marked with * in Fig. 7e) showed that 
the surface layer is primarily composed of Mg (15–36 wt.%), O (28–47 
wt.%), and Mo (6–35 wt.%). The relative Mo/O ratio cannot be esti-
mated reliably from the EDX data since the surface layer also contains 
hydrated Mg compounds with varying stoichiometry [57]. However, our 
data clearly show that the molybdate inhibitor is able to form a surface 
layer on the WE43 alloy surface. 

3.3.2. Raman spectroscopy 
To further understand the mechanism of corrosion inhibition pro-

vided by molybdate, Raman spectra were acquired from the typical 
surface areas marked in Fig. 8. Raman spectra of the WE43 surface after 
exposure to 0.05 M NaCl for 1 h and 24 h are presented in Fig. 9a. The 
evolution of surface corrosion products during Mg corrosion using 
Raman spectroscopy was reported in a series of works by Volovitch et al. 
based on the Raman peak at 3652 cm− 1 corresponding to the A1g O–H 
stretching vibrations in Mg(OH)2 [58–60]. In our experiments, the sur-
face films of corrosion products were rather thick, and spectra were 
acquired ex situ. Moreover, the main Raman peaks of Mo-based com-
pounds are located below 1200 cm–1. For these reasons, analysis of 
Mg-containing corrosion products was performed focusing on the 
low-wave number region (200–1100 cm–1). Spectra recorded after 1 h 
(Fig. 9a, spectrum 1) and 24 h (Fig. 9a, spectra 2 and 3) of exposure to 

Table 2 
Fitting data with standard deviation of three measurements and calculated inhibition efficiency (IE) extracted from EIS measurements.  

C(Na2MoO4)/ 
mM 

Rs/Ω cm2 R1/kΩ 
cm2 

Y1× 106/Ω–1 

cm–2sn 
n1 R2/Ω cm2 Y2× 104/Ω–1 

cm–2sn 
n2 L1/kH 

cm2 
R3/Ω cm2 Rp/Ω 

cm2 
IE/ 
% 

1 h of immersion 
0 86.9 ±

0.8 
1.2 ± 0.1 15.3 ± 0.9 0.90 ±

0.01 
494.2 ± 8.5 66.3 ± 28.8 0.93 ±

0.03 
6.1 ± 1.1 52.5 ± 22.7 374.6 – 

5 78.9 ±
0.8 

4.7 ± 1.9 28.5 ± 5.4 0.81 ±
0.02 

568.7 ±
198.4 

10.7 ± 1.2 0.88 ±
0.05 

17.4 ±
2.8 

201.0 ± 26.9 661.6 43 

10 67.5 ±
1.8 

5.0 ± 0.7 31.8 ± 2.8 0.82 ±
0.01 

1182.0 ±
149.0 

4.7 ± 0.5 0.79 ±
0.03 

55.9 ±
16.3 

1783.1 ±
396.7 

1385.7 80 

50 33.4 ±
1.2 

12.7 ±
2.9 

30.3 ± 2.0 0.81 ±
0.01 

1125.5 ±
182.3 

2.1 ± 0.2 0.77 ±
0.03 

74.7 ±
5.4 

2692.0 ±
313.8 

2306.9 87 

100 21.5 ±
0.4 

21.2 ±
3.3 

44.9 ± 2.7 0.74 ±
0.03 

1607.8 ±
264.1 

2.5 ± 0.1 0.74 ±
0.03 

12.0 ±
3.8 

2145.4 ±
92.2 

3189.4 88 

150 20.6 ±
1.1 

7.1 ± 1.2 36.8 ± 1.5 0.79 ±
0.02 

951.3 ±
128.3 

2.0 ± 0.1 0.74 ±
0.04 

11.3 ±
1.9 

3402.2 ±
109.3 

2698.7 86  

24 h of immersion 
0 256.1 ±

5.7 
0.2 ±
0.06 

42.6 ± 6.6 0.99 ±
0.01 

28.1 ± 7.1 74.6 ± 14.9 0.99 ±
0.01 

3.6 ± 0.7 40.3 ± 7.5 53.2 – 

5 175.9 ±
2.6 

0.5 ± 0.1 60.1 ± 5.4 0.82 ±
0.02 

22.5 ± 6.4 51.2 ± 9.0 0.92 ±
0.05 

7.9 ± 0.8 32.9 ± 18.4 50.2 –6 

10 147.3 ±
1.6 

0.9 ± 0.1 79.5 ± 7.2 0.86 ±
0.01 

209.7 ± 49.4 20.4 ± 1.5 0.99 ±
0.01 

8.3 ± 0.6 132.6 ± 49.8 244.8 78 

50 101.9 ±
2.2 

4.7 ± 1.6 25.8 ± 5.6 0.90 ±
0.10 

114.1 ± 14.5 7.6 ± 0.5 0.86 ±
0.03 

75.5 ±
26.5 

1880.6 ±
45.2 

1399.5 96 

100 71.4 ±
1.2 

25.2 ±
0.4 

23.2 ± 0.9 0.72 ±
0.03 

2342.2 ±
325.1 

5.3 ± 0.9 0.74 ±
0.12 

7.5 ± 1.8 4915.4 ±
155.2 

5634.3 99 

150 66.85 ±
1.8 

21.4 ±
0.1 

83.3 ± 3.1 0.68 ±
0.01 

1899.9 ±
453.6 

2.5 ± 0.1 0.69 ±
0.07 

8.3 ± 2.3 3352.2 ±
161.7 

4216.3 98  
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Fig. 6. SEM images of the WE43 surface after 1 h (a–f) and 24 h (g–i) exposure to 0.05 M NaCl solution. Arrows indicate local corrosion attack sites and markers * 
indicate regions of point EDX analysis. 

Fig. 7. Surface morphology of the WE43 alloy after 1 and 24 h exposure to 0.05 M NaCl solution with 100 mM Na2MoO4. Markers * in (e) show regions of point 
EDX analysis. 
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0.05 M NaCl demonstrated Raman bands at 443 cm–1 (A1g) and 262–278 
cm–1 (Eg) as typical for Mg(OH)2 [61]. 

Raman spectra recorded on the WE43 surface after corrosion ex-
periments in 0.05 M NaCl solutions with 100 mM of molybdate inhibitor 
are shown in Fig. 9b. Molybdenum compounds can form various com-
plexes in different oxidation states [62] and interpretation of Raman 
peaks should be done with caution. Therefore, the position of the νsym 
(Mo–O) band in the range 880–1000 cm–1 was analysed for the species 
assignment due to its sensitivity to changes in the coordination geom-
etry, the chain length, and hydration degree of molybdate species [63]. 
This approach was also utilized in our previous publication [29]. Typical 
Raman band positions of solid and aqueous molybdenum species used 
for spectra interpretation are summarized in our previous work [29]. 
Two typical spectra were recorded after 1 h of exposure. Both spectra 

have a Raman band centered at 443 cm–1, which was assigned to Mg 
(OH)2 [61]. Spectrum recorded at a light-coloured surface spot (Fig. 9b, 
spectrum 4) shows low-intense wide bands associated with molybdates 
with maxima located at 969, 942, 875, 490, and 360 cm–1. Bands at 969 
and 942 cm–1 were identified as νsym (Mo–O) bands of hydrated poly-
molybdates Mo7O6−

24 and Mo8O4−
26 , respectively [63]. The band at 875 

cm–1 was assigned to the stretching mode of a Mo–O–Mo bond in 
Mo8O4−

26 species [64]. The nature of the peaks at 490 and 360 cm–1 is not 
so evident. These peaks are typical for reduced molybdenum species, 
mainly in the form of MoO2 [63]. However, no evidence for the most 
intensive Raman bands of Mo(IV) in the region 700–800 cm–1 was seen 
in the spectrum. Thus, these bands were attributed to the asymmetric 
stretching (490 cm–1) and bending (360 cm–1) of the terminal Mo = O 

Fig. 8. Light microscopy images of the WE43 alloy surface after 1 and 24 h exposure to 0.05 M NaCl solution without (top row) and with (bottom row) 100 mM of 
Na2MoO4 inhibitor. Arrow markers show regions of Raman analysis. 

Fig. 9. Raman spectra of the WE43 surface after 1 h and 24 h exposure to 0.05 M NaCl solution without (a) and with (b) 100 mM Na2MoO4. The spectra numbers 
correspond to the surface areas marked in Fig. 8. 
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bonds in polymolybdates Mo7O6−
24 and Mo8O4−

26 [63,65]. The shape of the 
Raman peaks and their small intensity suggest that the protective layer 
initially formed on the WE43 surface consists of distorted hydrated 
molybdenum structures. 

The Raman spectrum registered in a darker surface area (Fig. 9b, 
spectrum 5) showed strong Raman bands at 942, 896, 845, 490, 374, 
340, and 265 cm–1, typical of crystalline molybdates [64]. As before, the 
bands at 942 and 490 cm–1 were assigned to Mo7O6−

24 . Raman bands at 
896, and 845 cm–1 were identified as the symmetric and asymmetric 
stretching of the terminal Mo = O bonds in MoO2−

4 molybdate [56,63, 
64]. The assignment of the remaining bands is rather speculative. Their 
frequencies are slightly shifted due to the distortion of the surface 
molybdate compounds [29,63,64]. Another reason can be partial 
reduction of Mo(VI) species to mixed-valence Mo(VI)–Mo(V) com-
pounds. However, no reliable evidence for this was found in the litera-
ture. Therefore, based on the νsym (Mo–O) band analysis, these bands 
were tentatively assigned to Mo7O6−

24 and MoO2−
4 compounds. 

After 24 h of exposure, two typical appearances of the Raman spectra 
were registered on the WE43 surface (Fig. 9b, spectra 6 and 7). Spectrum 
6 contains only two prominent Raman bands at 911 and 321 cm–1. These 
bands originate from solid dimolybdates Mo2O2−

7 [65]. Spectrum 7 is 
similar to those registered after 1 h of exposure. The main Raman band 
at 942 cm–1 and smaller band at 875 cm–1 originate from Mo7O6−

24 . A 
small shoulder band at 969 cm–1 is the signal from Mo8O4−

26 , while 
MoO2−

4 was observed at 845 cm–1. The higher intensity of the peaks 
suggests that a thicker and more crystalline Mo-containing layer was 
formed after 24 h compared to the sample exposed to the solution for 1 
h. The absence of Raman bands at 990–1050 cm–1 demonstrates that 
pure oxides, like MoO3 or Mo4O11, are not present on the surface. To 
summarize, Raman analysis suggests that corrosion inhibition of the 
WE43 surface is predominantly provided by a layer of Mo(VI) mono- and 
polyoxomolybdates. Importantly, there are no Raman peaks assigned to 
reduced phases of Mo(IV) compounds. 

3.3.3. XPS spectroscopy 
To further analyze the chemical state of Mo on the surface of the 

WE43 alloy after corrosion experiments, high-resolution XPS spectra in 
the binding energy range of Mo3d were acquired (Fig. 10). The spectra 
were deconvoluted into two peak doublets corresponding to electronic 

states: Mo(VI) compounds (Mo(1) component) and Mo(V) compounds 
(Mo(2) component) [29,63]. The absence of the peak doublet charac-
teristic for Mo(IV) compounds at 229.2 eV supports the assumptions 
made during analysis of the Raman data that no such compounds are 
present. Further, even though Raman analysis did not clearly show the 
presence of Mo(V) species, such species are present in the top few 
nanometers of the surface as demonstrated by the XPS analysis. The 
relative Mo(V) : Mo(VI) ratio was 1.0 : 1.1 and 1.0 : 2.7 after 1 h and 24 h 
of exposure to the solution, respectively. It indicates that the amount of 
Mo(VI) species in the surface layer increases with time. 

High-resolution XPS spectra registered in the binding energy range of 
O1s varied significantly after 1 and 24 h of exposure to the studied so-
lution. The interpretation of O1s spectra is rather complex as the signal 
from several compounds can overlap. The O1s spectrum of the WE43 
alloy surface after 1 h of corrosion in the 0.05 M NaCl solution con-
taining 100 mM of Na2MoO4 was deconvoluted into three components. 
The first component O(1) located at 530.9 eV can be attributed to mo-
lybdates and/or magnesium oxide [56,66]. The second component O(2) 
at 532.0 eV was assign to magnesium carbonate or adsorbed oxygen [66, 
67]. The third component O(3) at 533.0 eV corresponds to the hydroxide, 
most probably in the form of Mg(OH)2 [68,69], which is also supported 
by Raman experiments (Fig. 9). The relative ratio of O(1) : O(2) : O(3) 
components was 1.0 : 1.4 : 1.0. After 24 of corrosion experiments only 
O(1) and O(2) components with the relative ratio 2.8 : 1.0 were detected, 
indicating that oxides and molybdates predominate on the surface of the 
WE43 alloy. 

3.4. Mechanism of corrosion and its inhibition 

This section summarizes the results of the present contribution and 
attempts to propose the corrosion inhibition mechanism provided by 
aqueous molybdates towards the WE43 alloy. 

The mechanism of the WE43 alloy corrosion in 0.05 M NaCl is 
schematically illustrated in Fig. 11. The surface of as polished WE43 
alloy contains Mg9Nd2Y-type IMPs and α-Mg matrix (Fig. 11Ia). In near- 
neutral solutions containing NaCl, the surface of as polished WE43 Mg 
alloy, containing Mg9Nd2Y-type IMPs distributed in α-Mg matrix 
(Fig. 11Ia), suffers from severe corrosion attack owing to its highly 
negative standard potential (E0

Mg2+/Mg = − 2.37 V vs. SHE). Numerous 
reports discuss the exact mechanism of Mg ionization [4,57,70,71], 

Fig. 10. High-resolution XPS spectra registered in the binding energy range of (a) Mo3d and (b) O1 s at the surface of WE43 alloy after immersion in 0.05 M NaCl 
+100 mM Na2MoO4 solution for 1 h and 24 h. 
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which generally is expressed by the following reactions: 

Mg→Mg2+ + 2e− ; (5)  

2H2O + 2e− →H2 + 2OH− ; (6)  

Mg2+ + 2OH− →Mg(OH)2. (7) 

Eqs. (5) and (6) describe electrochemical anodic and cathodic re-
actions, respectively, while process (7) is of chemical nature. The overall 
reaction in this case is: 

Mg + 2H2O→Mg(OH)2 + H2. (8) 

In the case of the WE43 alloy, our SKPFM data (Fig. 2) show that 
Mg9Nd2Y-type IMPs found in the microstructure (EDX maps shown in 
Fig. 1) will initially serve as local cathodes where reaction (6) may be 
expected to predominantly occur (Fig. 11Ib). However, the SEM data 
(Fig. 6a–f) suggest that active anodic dissolution of the Mg matrix 
following reaction (5) readily occurs, which may reduce the relative 
contribution of local galvanic Mg–IMP coupling to the total corrosion 
process. In this case, release of Mg2+ into the corrosion medium leads to 
rapid interaction with OH− ions (Eq. (6)) and precipitation of Mg(OH)2 
on the alloy surface. Such deposits are known to appear as dark regions 
on the surface [57], clearly seen in the light microscopy images in Fig. 8a 
and identified as severely corroded areas during SEM observations 
(Fig. 6d–f). The surface area of these dark regions is much larger than 
that of the IMPs, which makes the former the predominant cathodic 
areas [57] (Fig. 11IIIa). For this reason, the main corrosion attack occurs 
at the interface between dark regions and the alloy matrix, with further 
spreading of the dark surface area over the WE43 surface (Fig. 11IIIa) 
[72,73]. 

Our results demonstrate that the introduction of Na2MoO4 into 0.05 
M NaCl solution dramatically changes the corrosion behaviour of the 
WE43 alloy. Dissolved molybdates retard corrosion attack by forming a 
protective insoluble film on the metal surface. Moreover, according to 

the electrochemical data (Figs. 4 and 5), it is essential to achieve a 
“critical” concentration of molybdate inhibitor in the electrolyte to 
provide high inhibition effectiveness. For the WE43 alloy in the exam-
ined corrosive medium this initial concentration of Na2MoO4 was found 
to be 100 mM. In turn, molybdate added in concentrations insufficient to 
form a stable passive layer covering all active surface areas may rather 
accelerate than reduce corrosion attack. In this case, only partial surface 
coverage results in formation of additional cathodic areas, which cause 
severe local corrosion. That is clearly seen in the case of 5 and 10 mM of 
added Na2MoO4, for which very low or even negative IEs were observed. 
Below, we discuss the case with a concentration of the molybdate in-
hibitor in the system high enough to provide corrosion inhibition. 

Evidently, the first stage in the corrosion inhibition mechanism is the 
competitive adsorption of molybdate and chloride anions on the WE43 
surface (Fig. 11IIb). The aqueous molybdate speciation is rather com-
plex with poly- and monomolybdates present in acidic and alkaline 
media, respectively [29,74]. The bulk pH of as-prepared NaCl solutions 
with 100–150 mM of molybdate is about 7.5. It is known that the pH in 
the near-electrode area during corrosion of Mg alloys is alkaline (up to 
pH 9.5 [75–78]) due to the occurrence of reaction (6) and partial 
dissolution of Mg(OH)2 formed according to Eq. (7) by reactions [4]: 

Mg(OH)2⇄MgOH+ + OH− ; (9)  

MgOH+⇄Mg2+ + OH− . (10) 

Since the medium is alkaline, only monomolybdates MoO2−
4 can 

initially adsorb on the surface. The isoelectric point (IEP) of MgO, which is 
covering the surface of WE43 is higher than 13 [79], while for Mg(OH)2 
IEP is around 10.8 [80]. Studies have shown that the pH will not reach 
such high values, especially in the first hours of corrosion attack [78,81]. 
The bulk pH of 0.05 M NaCl +100 mM Na2MoO4 solution after 1 h of the 
WE43 alloy exposure was found to be ca. 8.3–8.5. It means that the surface 
of the WE43 alloy in the studied media will be positively charged. This 
promotes adsorption of negatively charged monomolybdate anions from 

Fig. 11. Schematic illustration of the WE43 alloy corrosion in 0.05 M NaCl solution (to the left) and corrosion inhibition provided by 100 mM of aqueous molybdate 
(to the right). 

D.S. Kharitonov et al.                                                                                                                                                                                                                          

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Corrosion Science 190 (2021) 109664

12

the solution on the metallic surface. 
Molybdates have rather low oxidizing capacity in alkaline solutions 

and they are thus not expected to be reduced [29,82]. Nevertheless, XPS 
data (Fig. 10) showed that the top surface layer is partially reduced to 
Mo(V) species. This is consistent with a dark colour of the passive layer. 
Moreover, our Raman data (Fig. 9b) confirmed that after 1 h of the 
WE43 alloy exposure to 0.05 M NaCl with 100 mM Na2MoO4, the main 
components of the surface passive film are Mo7O6−

24 and Mo8O4−
26 poly-

molybdates. After 24 h, additional peaks from dimolybdate were 
observed. Polymerization of adsorbed MoO2−

4 anions most probably 
proceeds as a next step in the inhibition mechanism [63,64]. At first, 
isolated molybdate monomers are adsorbed on the surface. Due to the 
high bulk concentration of molybdate ions, adsorption of excess 
molybdate would result in formation of hydrated polymolybdates 
through condensation reactions of monomers on adjacent surface sites. 
Note that the studied metal surface is not homogeneous, thus clustering 
of polymolybdates may occur far before a uniform monolayer of 
adsorbed MoO2−

4 will be achieved. 
The hydrogen formed during water reduction, Eq. (6), is a strong 

reductant and can partially reduce initially adsorbed MoO2−
4 according 

to the reactions: 

MoO2−
4 + 2H2O + e− →MoO+

2 + 4OH− ; (11)  

H2 + 2OH− − 2e− →2H2O; (12)  

2MoO2−
4 + 2H2O + H2→2MoO+

2 + 6OH− . (13) 

Moreover, metallic magnesium itself is a strong reducing agent and 
thermodynamic calculations show that it can reduce MoO2−

4 up to 
metallic Mo [82]. However, a partial reduction of Mo(VI) to Mo(V) is 
more favourable under the examined conditions: 

Mg + 2OH− − 2e− = Mg(OH)2; (14)  

MoO2−
4 + 2H2O + e− →MoO+

2 + 4OH− ; (15)  

2MoO2−
4 + Mg + 4H2O→2MoO+

2 + Mg(OH)2 + 6OH− . (16)  

In the next step, MoO+
2 ions can chemically react with OH− in the near 

interface area, forming insoluble brown-coloured hydroxide: 

MoO+
2 + OH− + H2O→MoO(OH)3↓. (17) 

Another possible mechanism involves formation of mixed-valence 
Mo(V)–Mo(VI) polymeric compounds of variable stoichiometry, 
known as molybdenum blues [62,74]: 

nMoO+
2 + MoO2−

4 + 2H2O→[MoVIO6(MoVO2)n]
n− 6

+ 4H+. (18) 

The formed H+ ions can be consumed during monomolybdate 
polymerization (Fig. 11IIIb). At the same time, this process shifts the 
chemical equilibrium of reaction (18) to the left, thus promoting further 
formation of mix-valenced polymolybdate species. 

4. Conclusions 

In this work, the effect of molybdate on the corrosion properties of 
the WE43 magnesium alloy was examined. High corrosion protection 
effectiveness of molybdate at sufficiently high concentrations (100 mM) 
was observed and correlated with the surface film composition. The 
following conclusions can be drawn:  

1 The microstructure of the WE43 magnesium alloy consists of 
micrometer-sized Mg9Nd2Y-type IMPs distributed in the α-Mg ma-
trix. SKPFM measurements confirmed cathodic electrochemical ac-
tivity of these IMPs. 

2 Electrochemical data revealed that aqueous molybdate at high con-
centrations leads to a significant decrease (up to 95 %) in the 
corrosion rate of the WE43 alloy in 0.05 M NaCl solutions. The 
optimal concentration of Na2MoO4 is 100 mM. Smaller concentra-
tions increase the corrosion rate by only partial surface passivation. 
Concentrations above 100 mM may cause formation of microcracks 
in the passivating layer. 

3 Raman and XPS surface analysis indicated that the molybdate in-
hibitor forms a protective surface film over the surface of the alloy. 
The resulting passivating film consists of polymerized Mo(VI) and 
mix-valence Mo(VI)–Mo(V) layers.  

4 The mechanism of corrosion attack over the WE43 surface in 0.05 M 
NaCl solution is based on the initial dissolution of Mg, followed by 
passivation of the surface. Corrosion inhibition by Na2MoO4 is ach-
ieved by the competitive adsorption of molybdate anions on the 
surface of WE43 with formation of a Mo(VI)-Mo(V) mixed-valence 
protective layer, which suppresses further corrosion attack. 
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[7] N. Pulido-González, B. Torres, M.L. Zheludkevich, J. Rams, High Power Diode 
Laser (HPDL) surface treatments to improve the mechanical properties and the 

D.S. Kharitonov et al.                                                                                                                                                                                                                          

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

https://doi.org/10.1016/j.matchemphys.2019.122350
https://doi.org/10.1016/j.matchemphys.2019.122350
https://doi.org/10.1016/j.msea.2016.11.009
https://doi.org/10.1016/j.msea.2016.11.009
https://doi.org/10.1016/j.jma.2020.02.003
https://doi.org/10.1016/j.jma.2020.02.003
https://doi.org/10.1016/j.pmatsci.2017.04.011
https://doi.org/10.1016/j.pmatsci.2017.04.011
https://doi.org/10.1016/j.corsci.2008.03.002
https://doi.org/10.1016/j.actbio.2010.02.028
http://mostwiedzy.pl


Corrosion Science 190 (2021) 109664

13

corrosion behaviour of Mg-Zn-Ca alloys for biodegradable implants, Surf. Coat. 
Technol. 402 (2020), 126314, https://doi.org/10.1016/j.surfcoat.2020.126314. 

[8] A. Soltan, M.S. Dargusch, Z. Shi, D. Gerrard, A. Atrens, Understanding the 
corrosion behaviour of the magnesium alloys EV31A, WE43B, and ZE41A, Mater. 
Corros. 70 (2019) 1527–1552, https://doi.org/10.1002/maco.201910845. 

[9] P. Nowak, M. Mosiałek, D.S. Kharitonov, J. Adamiec, A. Turowska, Effect of TIG 
welding and rare earth elements alloying on corrosion resistance of magnesium 
alloys, J. Electrochem. Soc. 167 (2020), 131504, https://doi.org/10.1149/1945- 
7111/abb97e. 

[10] W.C. Neil, M. Forsyth, P.C. Howlett, C.R. Hutchinson, B.R.W. Hinton, Corrosion of 
heat treated magnesium alloy ZE41, Corros. Sci. 53 (2011) 3299–3308, https:// 
doi.org/10.1016/j.corsci.2011.06.005. 

[11] Y.J. Feng, L. Wei, X.B. Chen, M.C. Li, Y.F. Cheng, Q. Li, Unexpected cathodic role of 
Mg41Sm5 phase in mitigating localized corrosion of extruded Mg-Sm-Zn-Zr alloy 
in NaCl solution, Corros. Sci. 159 (2019), 108133, https://doi.org/10.1016/j. 
corsci.2019.108133. 

[12] S. Tang, T. Xin, W. Xu, D. Miskovic, G. Sha, Z. Quadir, S. Ringer, K. Nomoto, 
N. Birbilis, M. Ferry, Precipitation strengthening in an ultralight magnesium alloy, 
Nat. Commun. 10 (2019), https://doi.org/10.1038/s41467-019-08954-z. 

[13] Z. Hu, R.L. Liu, S.K. Kairy, X. Li, H. Yan, N. Birbilis, Effect of Sm additions on the 
microstructure and corrosion behavior of magnesium alloy AZ91, Corros. Sci. 149 
(2019) 144–152, https://doi.org/10.1016/j.corsci.2019.01.024. 

[14] K. Gusieva, C.H.J. Davies, J.R. Scully, N. Birbilis, Corrosion of magnesium alloys: 
the role of alloying, Int. Mater. Rev. 60 (2015) 169–194, https://doi.org/10.1179/ 
1743280414Y.0000000046. 

[15] S.M. Baek, S.Y. Lee, J.C. Kim, J. Kwon, H. Jung, S. Lee, K.S. Lee, S.S. Park, Role of 
trace additions of Mn and Y in improving the corrosion resistance of Mg–3Al–1Zn 
alloy, Corros. Sci. 178 (2021), 108998, https://doi.org/10.1016/j. 
corsci.2020.108998. 
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